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I. INTRODUCTION

This report provides a comprehensive description of wrk per-

formed on the subject contract over the past three years. During the

course of this study a number of interim and special reports (Refs.

1-6) and journal articlds (Refs. 7 and 8) have been published and

much of the information in these documents has been directly incor-

porated into this report.

The report is divided into two volumes. The first volume is

primarily dedicated to a review of studies provided in support of the

COCHISE facility and the associated FAKIR facility. A study of the

NO vibrational distribution produced in the chemi-excitation reaction

between metastable nitrogen atoms and oxygen molecules is described

in Section II along with preliminary observations on the ratio of NO

fundamental to overtone band intensities and on 03 chemiluminiscence.

A description of the COCHISE facility is also provided in this section.

A brief review of the COCHISE optical system, black body calibration

techniques, and the definition of a proposed technique for implement-

ing a resonance lamp diagnostic (for determining metastable nitrogen

atom concentrations) may be found in Section III. Lastly, a descrip-

tion of a flow tube experiment for the study of the products of re-

actions between N2A 3z+ molecules and oxygen atoms and molecules is
u

provided in Section IV. The summary and conclusions of the report

art. .resented in Section V. A number of appendices are also provided.

These include, in order, (a) a review of the total data base for NO

fundamental band observations, (b) a brief discussion of surprisal anal-

ysis, (c) a review of auroral production mechanisms for N( 2D) atoms, (d) a

description of the effect of slit width on black body intensities, (e) a

discussion of the properties of F-center lasers, (f) a system description

of COCHISE facility, and (g) a review of the potential of remote monitoring

of selected tritiate molecules. The latter two appendices are direct re-

productions of Refs. 8 and 3, respectively.

Volume II is dedicated to a review of studies performed in support

of the LABCEDE facility, and provides a discussion of fluorescence phenomena

observed upon electron irradiation of mixtures of CO2/Ar and N2/O 2.
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II. NO CHEMI-EXCITATION STUDIES

A. Introduction

, :Because of its great importance as an infrared radiator in non-

equilibrium air, particularly in the upper atmosphere, the chemistry,

excitation, and relaxation of vibrationally excited nitric oxide is a

subject of considerable interest. For quite some time the reaction be-

tween ground-state nitrogen atoms and molecular oxygen

N(4 S) + 02 NO + o AH = - 1.38 eV (1)

was assumed to be the principal source of nitric oxide in the upper atmos-
9 10

phere, despite the relatively slow rate constant for this process,

k I = 1.1 x 10-14T e- 3150/T cm3/sec

Hushfar et al and Whitson et al12 have measured the infrared chemi-

luminescent efficiency of reaction (1) and have attempted to determine the

relative efficiencies for production of nitric oxide in vibrational levels

v=2 and above. Since infrared emission from the NO first overtone (Av=2)

band was the diagnostic used in all these experiments, no information was

obtained about the relative rate of excitation for level v=l, the chemi-

luminescent efficiency in the fundamental band (Av-l), or the total effi-

ciency of the reaction towards producing vibrational excitation.

In the upper atmosphere, the principal processes responsible for

producing N( 4S) atoms are believed to be dissociative recombination 
of NO+

S+ N013,14
and N2 and photodissoziation of N2 and N01 4 Above approximately 85

km, however, NO+ dissociative recombination,

NO+ +e -* N + O (2)
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strongly predominates, and it is now rather well established 14 ,15 that

N( 2D), the first excited state of atomic nitrogen, is produced by reaction

(2) at least as efficiently as is N( 4S).

Black et al16 were the first to report rapid "rn.moval" of N( 2D)

by 02 in laboratory studies, but Lin and Kaufman 1 7 unambiguously identified

the "removal" process to be the reaction

2 ~k3
N( D) + 0 3 NO + 0, AH = - 3.77 eV , (3)

rather than simply collisional relaxation. The room temperature rate con-1-12 3
stant determined for reaction (3) in these experiments was -6 x 10 cm /

sec, which is close to five orders of magnitude larger than that for reaction

(1). Thus reaction (3) can clearly be a major source of nitric oxide in non-

equilibrium air wherever there is a finite source for N(2D) atoms. In addi-

tion, the large exothermicity of (3) invites speculation about the distribu-

tion of that energy among the degrees of freedom of the products; for example,

if the entire exothermlcity were released into vibrational excitation of the

product NO, levels up to v18 could be excited by the reaction.

The principal objective of the work reported here has been to deter-

mine by experiment the relative rates of production of NO into individual

vibrational levels by reaction (3); i.e., the determination of

k 3 (v)
R3 (y)=

E k 3(v)
vp

Information of this type is fundamentally interesting in that it can be used

to elucidate important quantum details of relatively basic chemical/physical

processes, and thereby provides a broader foundation for the continuing

development of -uantum theoretical descriptions of reaction collisions.

Equally important, however, the quantum details of processes such as reac-

tion (3) are essential ingredients for the description of macroscopic pheno-

mena such as atmospheric energy transport, particularly in those cases where

-3-



collisional relaxation rates and absorptivities are dependent on the identity

of the quantum states involved. Furthermore, it should be pointed out that

for studies of processes of this type it is highly desirable to obtain data

on as many of the different quantum states involved as is possible. In the

work to be reported here, data have been obtained on all significantly ex-

* 4.cited vibrational states of the nitric oxide product.

These measurements have been performed using a unique facility

(COCHISE) which has recently been developed at the Air Force Geophysics

Laboratory. This facility permits spectrally resolved measurements of the

infrared radiation resulting from chemi-excitation processes such as (3)

under conditions of low total pressure, 10- 6 atm, typical of the upper atmos-

phere. A brief description of the COCHISE facility, including some details

of its operation characteristics, diagnostics, and standard experimental

conditions, is presented in Section B. The NO chemiluminescence data base

and the analysis performed to convert the observed fluorescence into NO

vibrational population distributions is reviewed in Section C, and a kinetic

interpretation of the data relating the observations to the nascent vibra-

tional distribution produced by reaction (3) is provided in Section D. The

summary and conclusions of the study are given in Section .E.

B. Experimental Description

Conventional infrared emission spectroscopic experiments designed

to investigate gas phase chemi-excitation reactions generally have limited

detection sensitivity, and, in order to sustain measurable steady-state con-

centrations of excited species, require pressures on the order of a torr,

sufficiently high for collisional relaxation to occur. As a result, the ini-

tial product molecule vibrational distribution usually cannot be observed.

In addition, for the flow rates associated with typical discharge flow and

flowing afterglow experiments, excited species residence times can be suffi-

ciently long to permit radiational relaxation to occur, again perturbing

the observed product molecule vibrational distribution. Lastly, in ordinary

flowing afterglow, discharge flow, and stirred reactor vacuum systems, sur-

face effects can dominate in determining both the chemistry and the observed

excited state distribution.

-4-
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On the other hand, operation in a pressure regime where collisional

vibrational relaxation is insignificant can reduce expected product molecule
6 -3

densities to as low as 10 cm . The infrared chemiluminescent intensity

associated with such low concentrations would be 8 orders of magnitude less

than room temperature thermal emission. Since the limiting noise mechanism

for infrared detectors in ordinary applications is the statistical fluctua-

- tion in the photon flux on the detector (these photons are the thermal

radiation associated with the detector's optical and physical environment),

a reduction of the detector temperature alone is insufficient to permit

monitoring of the chemiluminescence arising at such low densities.

Various steps have been taken to minimize the effects of these limita-

tions. Representative examples would be the experiments of McDonald and co-
18 19workers and of Polanyi and co-workers. In these systems, externally

created reactant species mix in a relatively large reactant chamber held at

low pressures, < 10- 3 torr, and the technique of arrested relaxation is

utilized via rapid pumping of the excited species. Background radiation

levels were decreased through cooling of the reaction chamber walls to

either alcohol/dry ice or liquid nitrogen1 8 temperature, and Fourier

transform spectroscopy was utilized in both systems, with the interfero-

meter cooled to liquid nitrogen temperatures in McDonald's system.

The experimental direction taken in the COCHISE facility has been to

-reduce the temperatures of both the reaction volume and the detection system

to near 20-K, resulting in a reduction of thermal emission to a level well

-. below the anticipated intensities in chemiluminescent systems of interest.

In addition, high speed cryopumping of the reaction vessel removes excited

species from the detection system field-of-view before radiative relaxation

can occur. Because there is negligible back-diffusion from the cryopumping

walls, reaction contamination due to surface effects is eliminated. Conse-

quently, "steady state" excited vibrational state distributions may be exa-

mined under nearly single collision conditions.

L -5-



A schematic of the chemiluminescence reaction chamber is given in

Fig. 1. Only the salient details of the apparatus will be described here;

a more complete system description is being prepared for separate publica-
20tion. The reaction cell is cylindrically symmetric, 60 cm in length, 40

cm in diameter. Reagent gases are introduced through four sets of opposing

inlet jets, equally spaced along the cylinder; microwave discharge excita-

tion is possible in one of each pair of jets. Flow conditions in the reac-

tion cell have been fluid dynamically modeled2 1 for a range of experimental

conditions; free expansion occurs in the reaction cell and the gas reaches

a limiting velocity in which all of the thermal energy in the inlet tube is

converted into kinetic energy. Near the cylinder axis, an axisymmetric

stagnation point occurs, and the gas thermal energy returns to the inlet

tube value. Because of the free expansion, gas density variations along

the cylinder axis (reaction volume) are predicted to be < 10%. Pressure

in the reaction zone may be monitored through use of an MKS Baratron capaci-

tance manometer.

The chemiluminescent reactions occur primarily in this stagnation

region where the opposing flows meet, and only radiation occurring within

=4 cm of the cylinder axis is monitored. The collection optics consist

of a coated Ge lens matched to a f/7 grating monochromator; i.e., the detec-

tion system field-of-view is roughly columnar along the cylinder axis, and

a mirror located at the far end of the cell is used to increase the collec-

tion efficiency. Reactant gas residence times in the field-of-view are
21

predicted by the fluid dynamical modeling to be less than one msec.

A schematic of the entire COCHISE apparatus is given in Fig. 2. The

thermally insulating vacuum enclosure is maintained at 10- 8 - 10-9 atm by

a 20" diffusion pump with liquid nitrogen temperature baffles backed by a

large two stage mechanical pump. The light-tight thermal shroud is cooled

by a closed-cycle gaseous helium refrigeration system (Cryogenic Technology

Inc.) and may be maintained at any temperature down to 20 K by varying the

He coolant flow. The reaction cell temperature may be independently varied

and has additional resistive heating elements to achieve temperature inde-

pendence from the shroud. Temperature uniformity to 0.1 K over the copper

-6-
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reaction cell surface is achieved through proper coolant flow line and

heater element positioning. In order to minimize condensation, optical

elements are maintained at a temperature slightly above wall temperature

by resistive heating, ca. 80 K.

The gases used for this experiment are ultra-high purity Matheson

Ar, N2 and 02. Each cylinder gas passes through a motorized, calibrated

Granville-Phillips needle valve. Three gases may be mixed prior to intro-

duction into the discharge cavities, and two gases may be separately mixed

for the counterflow. After mixing, the discharge and counterflow gas mix-

tures are each split into four lines supplying the four sets of opposing

jets. The gases undergo a two stage heat exchange process; the first

copper-tubing exchanger is mounted on a plate maintained at liquid nitrogen

temperature, and the second permits variable temperature selection over the

range 30 K to 120 K. The cooled discharge gases then pass through inlet

tubes where microwave excitation may occur, and then flow directly into the

reaction cell. All inlet tubes are mounted in copper heat stations which

are independently temperature controlled.

Typcial flow conditions for the present study were a discharge mix-
ture of 90% argon and 10% nitrogen flowing at 1 standard liter/min. in each

inlet tube, with an oxygen counterflow at the same rate, giving a total flow

into the reaction cell of =8 standard liter/mn. The measured pressure in

the inlet jets was typically about a torr. These inlet jets are maintained

at temperatures of 80 - 100 K.

The microwave discharges are in McCarroll22 modified-Evenson elec-

trodeless cavities2 3 powered by Ratheon PGM 10 power supplies. Typical oper-

ation is at 50 - 90% of maximum power for a 50% duty cycle at 25 Hz, creating

steady state conditions during the 20 milliseconds the discharge is on; all

four discharges are driven by a single pulse generator, insuring synchronous
operation to within a few microseconds. Atoms, ions, free radicals and elec-

tronically and vibrationally excited species are created in the discharge;

however, by the time the gas has reached the low pressure reaction volume,

many of these species will have disappeared (see Section D). Thus, the

-9- 



number of possible reactant species will be less than that found in more

typical discharge or afterglow experiments,2 4 allowing for a more unambi-

guous interpretation of the data.

The collected infrared rdiation is pre-filtered by an order sorting

long pass filter, then dispersed by a O.5m Czerny-Turner grating spectro-
meter (Minuteman #305CM) which is fabricated primarily from Invar in order

to minimize defocussing and distortion during temperature cycling. Two

replica gratings were employed, the first a 75 lines/mm grating blazed at

8pm, and the second a 150 lines/m grating blazed at 3 Um. Use of a para-

bolic collector behind a cubic arsenic doped silicon photoconductive de-

tector permits collection of nearly all radiation passed by th6 20 mm high

slits. This detector, when operated at liquid He temperatures, is sensi-

tive to 1.2 to 22 pm radiation And has a peak Noise Equivalent Power of
*-16 1/2

approximately 10 W/Hz The detector signal is introduced into a pre-

amplifier, which is separately maintained at 200 K. After leaving the

vacuum enclosure, the AC signal is amplified (PAPR Model 113 bandpass am-

plifier) and phase sensitively detected by a PARC Model 124 lock-in ampli-

fier which is synchronized to the external pulse generator used to pulse

the microwave discharges. A PDP-8/E (Digital Equipment) computer with both

disk and tape storage is used for real time data collection, digital filter-

ing, display, and storage. The computer also provides monitoring and control

of experimental temperatures at many positions inside the shroud.

C. Measurements and Data Reduction

The NO vibrational band fluorescence has been observed over a range

of both reaction zone total pressure and reactant concentrations. The reac-

tion zone tQtal pressure was varied between 2.7 - 5.8 mtorr, being limited

by signal intensity at the lower end. The discharge gas mixture was varied

from 0.8% N2/99.2% Ar to pure N2 with the resultant reaction zone partial

pressure of nitrogen varying from 0.017 mtorr to 1.6 mtorr, and that of

argon ranging from 0 to 2.1 mtorr. Similarly, the oxygen counterflow was

varied from 3.2 to 6 standard liters/min corresponding to center line partial

pressures of 1.1 - 2.1 mtorr. Additionally, helium could be added to the

-10-



reaction cell, but unlike the other reactant gases, helium is not cryo-

pumped on the walls of the reaction cell. Partial pressures of up to 5

mtorr of helium were added in specific runs.

For a given monochromator slit width, an optimum lock-in amplifier

integration time was determined, which balanced noise rr.duction against

. scan time. The monochromator scan rate was then set so that 3 to 5 time

constants were spent on each spectral resolution element and, as a result,

- negligible data distortion occurred. Prior to analysis, all raw spectra

were corrected for the detector's spectral response as determined by cali-

brations taken in situ, using a variable temperature blackbody source

-embedded in the end mirror.

A portion of a typical experimental spectrum is shown in Fig. 3.

The dominant feature is this wavelength region is radiation from the NO

fundamental vibration/rotation bands which will be shown to result from a

highly non-Boltzmann vibrational distribution. The distribution correspond-

ing to these spectral observations was deduced from comparisons with syn-

thetically generated spectra. Specifically, sets of "basis functions" CvM
V

were generated, each of which is proportional to the spectrally resolved

contribution of single quantum transitions from vibrational state v to the

total signature. Combining these basis functions in a manner to best match

the observed radiation signatures yielded weighting factors proportional to

the desired vibrational populations. The details of the generation of the

synthetic spectra and of the fitting technique are provided below.

It has been determined2 5 that in NO the coupling of the spin and
26

orbital angular momentum is very strong (Hund's coupling case a) and re-

mains strong for all rotational levels populated in the present experiment.

The NO( 2w) ground state has a separation of 121 cm"I between the total angu-

lar momentum SI = 1/2 and 3/2 manifolds. Coupling between n and rotation

is weak, and consequently, the H6nl-London line strength formulas are

S - (J' + A)/J'

A- -
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Fig. 3 Portion of a typical chemiluminescence spectrum showing resolved
NO vibrational structure. The discharged mi.xture was 2. 576 N 2/
97. 576 Ar, counterflowed with 0O2. There was a background pressur-e
of 0.43 Pa of He. The spectrum was taken with 0. 027 pm resolution.
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sQ = (2J' + lM2 /J'(J' + 1) (4)

P
S= (i' + 1 + a)(J' + 1 - a)/(J' + 1)

where the J values are x/2, x = 1, 3, 5, ..., with J > Q. It can be seen

from Eq. (4) that the Q branch lines will diminish rapidly in intensity with

increasing J, and that the P branch lines will be more intense than the R

branch lines. '

The intensity of a single vibration/rotation transition is specified

by:
26

% hc v4 SP'Q' _N,

-v~v-l T J Av*-l VJ
J+J,J+l ve_5

(23 + l)v v-

where Av+v_1 is the Einstein coefficient, vV+V_1 is the band origin wave-

number, and vT is the frequency of the transition, defined as the difference

in energy between the upper and lower states of the transition. These

energies (in cm - 1) are calculated with the formula:

)2 J(J+l) (6)
Ev,J  We (V+  W x ee(V+ -)+ B J

vJ e 2 e e 2 V

using spectroscopic values (in cm- 1 ) of w - 1903.6, w x - 13.97, B e 1.7042,

and ae - 0.0178. Higher order terms in v and J are negligible. Bv is the
rotatignal constant for vibrational level v, and is defined as

Bv = Be - ae 2-) (7)

The quantity Nv,J in Eq. (5) is the population of the radiating vibration/

rotation state and may be rewritten as

-13-
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N
N - +1) exp [-J(J ) hc/kT] ()

where Q is the rotational partition function, k is the Boltzmann constantr
and T is the temperature. N is the total number of molecules in vibrational

V
state v.

The basis functions (X) are representative of the spectrum arising
v

from all possible rotational transitions occurring with the vibrational tran-

sition v+v-1. Specifically, the basis functions can be linearly related to
the quantities I v +v - lIN by a convolution integral over the monochromator

J4J,J+l v
slit function; i.e., since the system has a finite spectral resolution, AX,

the radiation observed at any wavelength will have a contribution from transi-

tions occurring at wavelengths between X + AX. In the present case, the sys-

tem has been described by a triangular slit function with constant resolution

in wavelength space. Fortunately, the Doppler broadened spectral lines are_
much narrower than the system resolution, and thus the convolution integral

may be replaced by a sum. The quantity C (A) then merely becomes a suma-
tion over J of the quantities I ,j+IN, each properly weighted by the slit

function fractional transmission corresponding to the difference between the
wavelength of the specific transition and A.

Finally, these radiation basis functions may be related to the observed

intensity at any wavelength by the relation

I() E N C(A) (9)

where the quantities Nv are directly proportional to the populations in level

v of the excited NO molecules. Given the data I(A) and functions C (A), de-
v

fined over some wavelength interval, the quantities Nv may be determined byav

requiring that the square of the differences (I (A) - I(A)) be minimized.
p

Note that since the C v's are linearly proport .onal to the Einstein coefficients
A V' l the quantities actually determined by the least squares fit are the

products Nv Avv_ 1 . Thus, the deduced values of Nv are only as accurate as the
values of A v 1v. The NO Einstein coefficients derived by Billingsley25 were

used in the present analysis.
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- A computer program has been developed to perform the fitting task.

This code takes the data and basis functions as input and provides the rela-

tive vibrational populations as output. For a given resolution as defined

by the slits, the rotational temperature is the only parameter which can be

varied in order to optimize the fit. This temperature is also used to deter-

mine the relative populations of the two total angular momentum manifolds.

Because similar transitions occurring with the two doublet states lie at the

same frequencies (within the resolution of the experiment), the most obvious

spectral effect" of relative spin population changes is Q branch enhancement

as the it 3/2 population is increased. (This effect is evident from Eq. (4).)

The rotational temperature of the observed spectra may be considered a free

variable to a limited extent. In the first place, the translational tempera-

ture in the reaction zone is not well defined. Although the reactant gas

temperature at the inlets is initially 80 - 100 K, it may be increased by

microwave discharge heating (efforts have been made to minimize this effect,

e.g., sapphire discharge tubes for enhanced thermal conduction). Further-

more, any helium present in the reaction zone will be initially in trans-

lational equilibrium with the shroud walls, ca. 20 - 30 K. Lastly, the

rotational distribution of the reaction products need not achieve equili-

brium with translation before radiation occurs.

A synthetic spectrum generated with the aforementioned basis func-

tiQns is shown in Fig. 4, fit to the data of Fig. 3. The experimental flow

conditions were a 9:1 mixture of argon and nitrogen, flowing at 4 standard

liters/min., discharged with inlet jet temperature maintained at 90 K and

with a pure oxygen counterflow at the same rate and inlet temperature. Addi-

tionally, 3 millitorr of He was added as a background gas. The rotational

temperature of the spectrum was determined to be 90 + 10 K. For the resolu-

tion of this case, 0.027 um, the vibrational band structure is well defined

and some rotational line structure is evident in both the data and generated

spectrum. The set of curves shown at the bottom of the spectrum are the

properly weighted individual basis functions for v = 5, 6 and 7 which are

components of the basis set utilized to produce the synthetic spectrum. The

amplitude of individual basis functions represents the contribution of each

.. .. ... .. . I I 'i l Il II I { I -1I5 -
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vibrational transition to the total intensity. The standard deviation of the

fit is 0.019 with the peak radiation normalized to unity; the rms deviation

. -is 3.3%. The relatively poor fit in the 5.2 - 5.5 Um reoion is due to the
presence of underlying radiation, found to be present even when the oxygen

counterflow is cut off (no NO fluorescence is observed in this case). Higher

resolution scans (0.008 irm) reveal this underlying radiation spectrum to be

similar to that of an inverted 2R hydrogenic molecule (the bandcenter, Q

branch frequency, and rotational separation do not match calculated OH fre-

quencies). Further investigation of this radiation is currently in progress.

A total of 24 distinct runs corresponding to various flow compositions
- and He partial pressures have been anplyzed. Spectra taken in the absence

of a helium background were best fit with higher rotational temperatures,

typically around 180 K. Indeed, the experimental spectrum in these cases

exhibit reproducible features which could be interpreted as indicating a non-

Boltzmann rotational distribution. A representative "zero He" spectrum and

computer fit are displayed in Fig. 5. The rotational temperature of the

synthetic spectrum shown is 180 K. The fit of Fig. 5 is characterized by a

standard deviation of 0.029 and a root mean square deviation of 4.3%. For

these zero He runs, the temperature chosen for fitting is not as critical,

i.e., fits with temperatures + 20 K different from the best fit temperature

still yield unchanged predicted population distributions.

The average relative population distribution for all analyzed spectra

is shown in Fig. 6 normalized to the population of v-6. The error bar indi-

cated for each population is one standard deviation. Note that the deduced

population distribution does not vary significantly over the He pressure

range 0 - 5 mtorr. The scatter in the populations of v=l, 2 is due primarily

to the effect of the underlying band radiation while that observed for the

populations of states v > 11 is a result of the low signal to noise in that

wavelength region. These relative populations are also listed in Table I for

convenience. A more detailed discussion of the data base is provided in

Appendix A.
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Fig. 5 Synthesized spectrum fit to experimental data for a case with no
heliumr background. Flow composition and rates and instrumental
resolution are the same as for Fig. 3. A rotational temperature
of 180°K gave the best fit to the data. Standard deviation =0. 029,
RMS deviation 4. 3%.
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Fig. 6 Relative vibrational population distribution normalized to v 6,
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tion of the distribution was observed as a function of helium back-
ground pressure over the range 0 - 0. 5 Pa. The value shown for
v=12 is an upper bound. The value for v = 1 is overestimated due
to underlying spectral features.



TABLE I

AVERAGE RELATIVE POPULATIONS AND

FRACTIONAL EXCITATION RATE CONSTANTS

Vibrational R =k /Ik
Level N(v)/N(6)* v v v

0 .1. 0**

1 gal.8:! . 6

4 1.0-10.2 0.11

5 1. 2..2 0.12

6 1.0 0.1

7 0.9:hO. 1 0.09

b8 0. 8.k0.*1 0.08

9 0, 51:0. 1 0.05

10 0. 3:E0. 1 0.03

d12 < 0. 10. 1 <0. 02

*Average for 24 experiments. The indicated uncertainty is one standard
deviation.

**See text.
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D. Data Analysis And Interpretation

1) Kinetic Considerations

The objective in this section is to attempt to unambiguously specify

the production mechanism for the observed NO chemiluminescence, and further,

- to determine whether the observed distribution is that due to the excitation

reaction alone or whether it has been affected by vibrational relaxation

phenomena. The first step in this analysis involves identifying the chemical

species (and their relative concentrations) which may be present in the reac-

tion zone.

Active nitrogen is created via the passing of a microwave discharge

through mixtures of N2/Ar (typically 10/90) at a pressure of approximately

one torr and temperatures near 100 K. While no diagnostics were available

s-. for the measurement of the concentrations of discharge produced species,

the discharge conditions were purposely very similar to those of Lin and
Kaufma17
Kaufman and it is assumed that the concentration of nitrogen atoms was

2roughly 1% of the N2 density, with one to two percent of these in the N( D)

and N(2 P) metastable states, and the remainder in the ground N(4 S) state.

- Furthermore, the N( 2D) concentration is anticipated to be roughly an order

of magnitude larger than that of N(2 P). The metastables Ar(3 P ,2) and
30,

N2 (A £) will also be formed in the discharge; however, as will be shown,

the concentration of these species will at least partially be controlled by

collision processes occurring in the afterglow region of the flow; i.e.,

that region beyond the discharge but prior to the free jet expansion. A
3number of strongly radiative states, such as N2 (B w), will also be created

in either the discharge or afterglow regions; however, such states will

radiatively decay to ground or metastable states during the free jet expan-

sion into the reaction zone. Lastly, vibrationally excited N2 and modest

* levels of positive ions/electrons will also be formed in the discharge.

The afterglow region of the flow is several cm in length and for

characteristic sonic velocities the gas residence time within this region

will be approximately 200 Usec. The chemical reactions of interest occurring

within this region include

-21-



Ar(3 P + N Ar S) + N (C 3r) k 1.6 3.6 x 10 cm /sec (10)
0,2 2 2 10

3=4112-11 3

N 2(A3E) + N(4S) N 2(xIE) + N(2Ph- k 5 x10 cm3/sec (11)

10-34 500/T cm6/sec (12)N+ N +Ar+ N2 + Ar ;k 1 2 =8.2 x1 e cmec(2

2240-13 -512/T

N(2D) + N - N(4S) + N ; k 1 x10 e cm3/sec (13)
2 2 13

N(2P) + N N(4S) + N k 1 x cm 3/sec (14)

N2 (v =1) + N2/Ar N2 + N2/Ar; k 1 5 = slow (15)

where all listed reaction rate constants are specific for a temperature of

300 K (only temperature for which data are available) unless a temperature

dependence is explicitly shown. The listed rate constants are taken from

Refs. 27, 28, 20, 29-31 respectively. Wall losses are negligibly small over

the afterglow residence time.

From the prior discussion, it can be shown that the generic species

concentrations in the afterglow region are [Ar]t 10 17/cm 3 , N2 : 10 6/cm3

14 3
and [N] : 10 /cm . Thus, from reaction (10), the quenching of Ar metastables
can be seen to occur immediately downstream of the discharge; i.e., T < 6

usec assuming the listed rate constant is valid at 100 K. It should be noted

that this quenching reaction can ultimately lead to production of the N 2(A 3E)

state through N 2(C-B-A) radiative cascade. 3 2'3 3 N2(A) state quenching by

N2/Ar is negligibly slow
34- 36 and reaction (11) will provide the dominant loss
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mechanism. The characteristic quenching time for N 2(A 3E) in the afterglow

region is then T 1 200 Usec, or approximately the same as the flow time, and

thus a finite concentration of N2 (A 3Z) will be found in the reaction zone.

. Lastly, the characteristic times for nitrogen atom loss and N2 vibrational

4k relaxation may be shown to be significantly longer than the flow time, and

-! thus these species will flow undiminished into the reaction zone.

For the cases of zero helium background pressure presented in Section

- C, the reaction zone conditions ranged from P = 2.7 - 4.2 mtorr and T < 200 K.

Thus, taking a typical case of T = 100 K, P = 4 mtorr, and a 90% Ar/10% N2

jet mixing with a counterflow of pure oxygen, would result in species concen-

trations of10 2 ]= 2 x10 1 4 /cm 3 , [Ar] = 1.8 x 1014/cm3 , [N = 2 x 1013/cm3 ,

11 3raion9 3[N] ; 2 x 10 /cm 3 and [N( 2 D, 2 P)] = 4 x 10 /cm 3 . Since the experiment is

steady state, specific reactants will remain within the optical field-of-

view (reaction zone) for a residence time which can be approximately defined

from the measured steady gas flow rate into the system, i.e.,

pV/T R (16)

where p is the gas density and V the volume of the optical field-of-view.

As mentioned earlier, this volume is approximately cylindrical with length

of 50 cm and radius of : 4 cm; thus, for a typical im of 0.2 gm/sec, corres-

ponding to a pressure of 4 mtorr,

- R - 300 usec (17)

- Therefore, any NO created in the reaction zone will spend at most -300 usec

within the field-of-view; thus, only NO quenching reactions which exhibit

- characteristic times of 10 - 3 seconds or smaller could affect the observed NO

distribution.

-- The available production mechanisms for NO in the reaction zone are

limited to
l-

4C 5) + ~N14 - 3150/T 3N(4S) + 02 - NO + 0 ; k1 = 1.1 x10-  Te cm3/sec (1)

-23-



N(2D) + 02 * NO + k 3  7.4 x 1 (T/300) 1/2cm3/sec (3)

N(2 P) + 0 2 NO + 0 k 18 2.6 x (c /sec (18)

The temperature dependent rate constant listed for reaction (3) has been

taken from Ref. 37 and is in reasonable agreement with other16'1 7'30 measure-

ments taken at room temperature. The rate constant listed for reaction (18)

is from Ref. 30 and is specific for T = 300 K. The temperature dependence of

reaction (1) is sufficiently great so that NO production due to N( 4S) is

unimportant relative to that due to N( 2D, 2P), even though the concentration

of the latter species is some 10 lower than that of the former. The quenching

of N (A3 E) state by 02 is known to be rapid, 38 but it is exceedingly unlikely

that this reaction could form NO inasmuch as this would require the breaking

of two bonds. To first order then, for the generic case, it is anticipated

that < 10 9/cm3 NO molecules (or oxygen atoms) can be produced by reactions

(3) and (18) during the gas residence time. These densities are sufficiently

small that the rates of any subsequent chemical reactions involving NO and 0,

such as

N + 0 + M - NO + M (19)

NO + 0 + M - NO2 + M (20)

0 + 02 + M 0 3 + M (21)

NO + 0 3 NO 2 + 02 (22)

will be insignificant over the gas residence time.

-24-



One additional source of vibrationally excited NO is the vibrational

exchange reaction between N2 and NO, i.e.,

N 2* + NO - N2 + NO* (23)

Murphy et al39 have determined this reaction to have a --ate constant of

1.7 x 10-16 e656/T cm /sec (based upon a room temperatrure measurement) and,

thus, if 10% of the N were vibrationally excited, the maximum amount of
2 6 3

NO* formed by reaction (23) during the residence time would be < 10 /cm,

This concentration is well below system detectability, and the effects of

reaction (23) may be neglected.

It now remains to examine the possible loss mechanisms which could

affect the NO vibrational distribution during the gas residence time. The
25

shortest radiative lifetime for any vibrational level of NO is - 15 msec,

and radiative decay will not affect the NO vibrational distribution. NO(v)

can also be destroyed by collisions with any of the reactants either by

quenching

k
NO (v) + M -Q NO(v -1) + M/M* (24)

or chemical reaction such as

NO(v) + N 4 N + 0 (25)2

Given the species concentrations within the reaction zone, one can determine

the minimum rate constant required to provide a characteristic NO quenching

time which is less than one msec (i.e., - 3 TR; any reaction with a charac-

teristic time longer than this could not appreciably affect the NO vibrational

distribution). From such considerations, it can be determined that quench-

ing of NO(v) by 0 or Ar would only be important if k A_ > 5 x 10 - 12
3Q0 2 ; Ar

cm 3/sec, and that quenching by N2 will be unimportant if -K= N  > 5 x l0-l

cm /sec. The minimum quenching rate constants deduced for ali other species

in the flow are greater than the gas kinetic limit, and quenching effects due

to these species may be neglected.
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There are no available measurements on the quenching rat- constants

of NO(v-l-12) by 02 -, Ar at temperatures of 100 K. Room tempera re

measurements 12'39 for NO quenching by 02 indicate that kQ_02 f 1.4 x 10 - 1 3

3
cm /sec for v < 7. T'a fractional populations exhibited in Fig. 6 were

deduced from data taken over a range of argon densities of 0.0 - 2.1 x 1014

3 14 3molec./cm andO 2densities of 1.1-2.lx 1 molec./cm , and no discernible

changes in the vibrational population distribution were observed. Thus,

one is led to conclude that the rate constants for de-activating NO(v=l-12)

by 02 and Ar at a temperature of 100 K are certainly less than 5 x 10
-12

3 14
cm /sec. Similarly, the N density was varied from 0.016 - 1.5 x 10

3cm with no apparent change in the NO vibrational distribution. Thus, it

can be deduced that quenching by N2 exhibits a rate constant of less than

6.7 x 10-1 2 cm3/sec. Note that if the reaction zone temperature were 200 K,

rather than 100 K, the deduced maximum quenching rate constants would in-

crease by a factor of 4 because both species number density and residence

time would decrease by a factor of two.

A number of the measurements presented in Fig. 6 were performed

under conditions of finite helium background pressures of 3 - 5 mtorr. The

flow characteristics of these runs are somewhat different from those dis-

cussed above, inasmuch as the helium will be dispersed uniformly across the

test chamber (i.e., helium is not cryogenically pumped by the walls). The

added reactant gases, N2 , 02, etc. are still adsorbed by the walls, but

their radial profiles are now controlled in part by diffusive interactions

with the ambient helium as well as by pressure gradients. A crude estimate
of the reactant residence time within the field-of-view for these cases may

be provided by estimating the characteristic time for NO to diffuse four cm

in helium at a pressure of 4 mtorr and nominal temperature of 100 K. Inter-

estingly enough, this characteristic time is also on the order of 300 Usec.

Since the deduced NO vibrational distributions for the cases taken with a

non zero helium pressure are the same as those deduced from data taken in the
absence of He, one can estimate to first order that k for NO(v=l-12) is

< 2 x 10
-1 2 cm3/sec.
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As alluded to earlier, there is one very significant difference

between the NO spectra observed in the presence or absence of helium. A

typical spectrum taken in the presence of helium was shown in Fig. 3.

From the widths of individual peaks, as well as the intensity ratios of

maxima to minima, it can be clearly discerned that the characteristic

rotational temperature of the NO is of order 80 - 100 K. Measurements

performed in the absence of helium, see Fig. 4, exhibit spectral features

more appropriate to NO at rotational temperatures of 180 K (indeed, there

is even some suggestion of non-Boltzmann rotational distributions, although

all dominant spectral features are clearly identifiable as due to NO).

Nonetheless, and very important, the vibrational populations deduced from

these two limiting cases are virtually indistinguishable within the scatter

of the data.

Although it is possible that the rotational temperature differences

are related to actual differences in the translational temperatures in the

reaction zone, there is no a priori reason to believe that the NO is created

in rotational equilibrium. Indeed, the observations can be interpreted to

imply that the NO is created in rotational disequilibrium and that helium

more effectively relaxes the NO rotational states than N2/02/Ar does. A

complete understanding of these details must await more refined studies.

However, it can be pointed out that if rotational equilibration is to occur

within the gas residence time, the rate constant for this process must be
i-11 3

larger than - 2 x 10 cm /sec.

2) The Chemiluminescence Reactions

The results of the reaction zone kinetic analysis presented above

lead one to conclude that the observed fluorescence results directly from

the products of a chemiluminescent reaction without any effects due to colli-

sional quenching (with the possible exception of rotational relaxation).

Since this is so, the deduced vibrational populations corresponding to the

fluorescence should be linearly proportional to the vibrational level de-

pendent production rates for these levels. Thus, it is of some interest

to examine the population distribution of Fig. 6 in some detail.
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The observations are rather unusual for a chemiluminescent reaction

in that the statistically averaged population distribution is approximately

flat out to v=7, except for v=l, and then decays rapidly at higher vibrational

levels. Attempts to artificially remove the contribution of the underlying

radiation tend to reduce the v=l populations deduced from the fitting pro-

cedure to the same level as those for v = 2 - 7. A number of chemilumine- -

scent reactions or reaction paths could contribute to the observed radiation;

these are

N( 2D) + 02 NO(X 2i, v < 18) + O(3 P); AHF = - 3.77 gV (3)

N( 2 D) + 0 NO(X 2 W, V < 8) + 0(ID); = -1.8 eV (26)

2 , H.-P ae

2 2 3
N( P) + 0 - NO(X 7r, v < 26) + 0(3p); tHF= - 4.96 eV (18)

2 F

N(2P) + 02 NO(X 2, v < 14) + 0(1D); AHF = - 3.00 eV (27)

N(2 P) + 02 - NO(X 2w, v < 3) + 0( S); AHF = - 0.77 eV (28)

where the exothermicities listed are for reaction at 100 K. As discussed

earlier, the concentration of N(2 P) in the reaction volume is expected to be

an order of magnitude smaller than that of N( 2D). Thus, although the rela-
tive quenching efficiencies of 2D and 2P are not known at 100 K, N( 2D) atoms

are more likely to be the dominant chemiluminescence precursor. Further-

more, the fact that excited vibrational levels with v > 8 are observed sug-

gests that reaction (3) is at least partially contributing to the ob-'rved

chemiluminescence, although reaction (26) may make intensity contributions

at lower v.
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Since the observed population distribution appears to be that ini-

tially formed by a chemical reaction, it is possible to examine these results
40-43

in light of surprisal theory. The surprisal of the observed population

distribution is defined as

= - in [P(f ')/Po(f v (29)

E P(fv') = 1 (30)
V

El 0 = 1 (31)

where P(f ') is the observed relative vibrational population distribution and

P (f v') is the prior nonspecific population distribution. The fraction of

the total reaction exothermicity that is used for vibrational excitation is
denoted by f v'. A linear plot of I(f v') as a function of fv' implies the

existence of an exponential gap law, i.e.,

00
P(f v 1)  P °(f v' exp [-X(f v'9 ] /exp Ao '(32)

where the parameter Av is a local measure of the deviation of P(fv') from

the prior distribution of P0 (f v'). A more detailed description of surprisal

analysis is presented in Appendix B.

A prior distribution has been calculated using standard techniques

(see Appendix B) under the assumption that reaction (3) is solely responsible

for the observations. The population distribution calculated from the ex-

perimental data is plotted in Fig. 7 along with the prior distribution.

Values of the surprisal, I, are also plotted in the figure. It is seen that
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Fig. 7 Lower - population distribution as a funtction of the available
energy plotted for both the prior distribution (dashed line) and
the observed experimental distribution. Upper - the corres-
ponding surprisal plot. A break in the surprisal appears to
occur at v = 7, 8. The broken line fits to the data in the two
regions have slopes of -2. 1 and +7. 0.
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the surprisal plot is broken into two approximately lin(:ar reqimes with a

change in slope occurring at v ; 7 - 8. In previous surprisal treatments
42,43where this behavior has been observed,4 ' it has been attributed to the

simultaneous occurrence of two reaction paths. It must be emphasizei that

a break in the surprisal plot does not by itself imply that two different

mechanisms are occurring, but the fact that the maximum possible vibrational

excitation for reaction (26) is in close agreement with ;he position of the
- 2experimentally observed break in A supports a hypothesis that both N( D)

V
+ 02 reaction branches, reactions (3) and (26), contribute to the chemilumine-

scence.
43

In one previous case, a "two-slope" surprisal plot has been suc-

cessfully interpreted to mean that the reaction had two branches. Specifi-

cally, that one of the reaction products was created in two distinct elec-

tronic states. When that experimental data was re-analyzed in terms of this

mechanism, it was found that the resulting plot of the surprisal for each

branch exhibited a linear behavior. Such an analysis does not work in the

present case. Indeed, in the present case the calculated surprisal not only

changes slope, but the slope also undergoes a change in sign from positive to

negative. It can be readily shown mathematically that a reaction having two
W.

channels, each with a linear surprisal, cannot exhibit such a behavior.

Thus it is felt that some sort of constraint may be affecting the
.J

reaction dynamics. Reaction (3) may proceed along any of four adiabatic

surfaces with different symmetries, one of which is the same symmetry as

the only adiabatic surface for reaction (26).44 The shared symmetry surface

passes through the lowest energy intermediate for reaction (3), and thus is

the most probable reaction path. At large N-02 distances where the reac-

tion channel is decided, a great deal of mixing between the two surfaces is

likely. Alternately, a non-adiabatic surface crossing may exist between

the two paths. 4 5 In this case the reference energy of the reaction would

be the energy at the interactin region as defined by the Landau-Zener

formula.

If this interaction energy is postulated to occur at the energy of
thp break in the surprisal plot [NO(v-7-8), O(3p)] , then the surprisal plot

could be re-evaluated for these reaction energetics. The surprisal at low

v for reaction 3) is expected to vary as A,17 - - A 8 1 2  With these
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assumptions, the observed population distribution could perhaps be satis-

factorily explained as arising from contribu-:ions from the two closely

coupled reaction channels of reactions (3) and (26). A more accurate

reaction path prediction would require a detailed reaction surface calcula-

tion of the N( 2D) - 02 interaction.
2

If indeed N(2 P) is present in sufficient quantities so that the ob-

served chemiluminescence is due to both atom precursors, then the abovo

interpretation of the results by surprisal analysis is not valid. But,

if the surprisal were determined under the assumption that the fluorescence

arose solely from reaction (18) rather than reaction (3), the surprisal

plot would still exhibit two linear regimes. Furthermore, it.can be shown

that there is no adiabatic pathway for reaction (18); i.e., the reactants

of reaction (18) cannot be adiabatically coupled to the products. Thus

some sort of surface crossing would be required for reaction (18) to pro-

ceed with a high probability.

E. Summary and Conclusions Concerning NO Fundamental Band Observations

In the preceding sections measurements of nitric oxide chemi-

excitation have been described, and the observed emission has been shown

to reflect the original vibrational distribution of NO produced in the

reaction between metastable nitrogen atoms and oxygen molecules. To the

authors' knowledge this is the first detailed study of a chemi-excitation

reaction involving an electronically excited reactant. The measurements

were performed under near single collision conditions, with total pressures

of 5 x 10-6 atmospheres and temperatures of -1I00 K, and the concentra-

tions of vibrationally excited NO, which were monitored via infrared
9 3fluorescence, were estimated to be less than 10 particles/cm

* Although absolute rate constants have not been determined in this

work, they can be inferred. Specifically, the apparent constancy of the

relative rate constants for levels v=l-7 would seem to indicate that an

extrapolation to v=0 is no* unreasonable. This extrapolation is supported

by results from the surprisal analysis of Section D, and yields a value of

near unity for the relative population N(O)/N(6). It is worth re-emphasizing
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in this context that a significant fraction of the total intensity in the

vicinity of the NO v=l-*O band is due to an underlying source of radiation.

Although this "background" radiation has not been explicitly accounted for

-in the data reduction, it is known that the derived population of NO(v-l)
may be overestimated by as much as a factor of two. Thus the "true" popu-

jj 7. lation of the v=l state is believed to be similar to tiose of v=2-7.

Using the extrapolated value for the population of the ground vibra-

- tional state of NO, the fractional efficiencies for production of NO into

individual vibrational levels are easily computed and are presented in

Table I. Note that even an error as large as a factor of two in the esti-

mate for NO(v=0) would produce only a 5% error in the inferred productionp.

-efficiencies of the other levels. From the results summarized in Table I

it may be concluded that the average degree of vibrational excitation is

about 4.5 vibrational quanta per NO molecule or, in terms of average vibra-

tional energy, slightly more than 1.0 eV per molecule. If it is assumed

that the nitric oxide has been created by the reaction of D) atoms with

-02, this would imply that about 27% of the total reaction exothermicity is

converted to vibrational excitation of the nitric oxide product. Further-

more, as discussed earlier, the location of the rather distinct discontin-

Sj uity in the distribution, going from v=7 to v=8, occurs at the point where

the simultaneous production of O( 1D) could begin to limit the production

of vibrationally excited nitric oxide.

obviously, given the possible, and presently undefined, role of

N( P) atoms in producing vibrationally excited NO, there remains some degree

of uncertainty in the mechanistic interpretations of the results presented

here. Additional experimental diagnostics are presently being developed in

order to address the most important unknowns; these include implementation of

resonance absorption techniques for accurate determination of metastable

atom concentrations and refinement of the techniques currently in use for

the absolute calibration of the infrared measurement system. Unfortunately,

it does not seem likely, at least not at the low total pressures for which

the experiments are presently designed, that optical detection of the possible

O( 1D) product will be feasible.
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The other intriguing aspect of the present data is, of course, the

suggestion of non-equilibrium rotational anomalies in the spectra, perhaps

reflecting details of the rotational kinematics associated with the reaction.

It is believed that improvements currently being made to the optical system

in the COCHISE facility will enable better definition of the rotational de-

tails in future work and, consequently, may provide enough information to

more clearly specify many more of the quantum details of this and other

reactions.

The ultimate goal of this work is to provide data for use in model-

ing upper atmospheric radiation signatures. The excitation distribution

developed here may be used to predict NO fundamental and overtone band

signatures occurring during an auroral event. Such predictions require

specification of auroral N( 2D) production rates and a model for these is

provided in Appendix C.

F. Analysis of Additional Chemiluminescence Data

Preliminary studies of NO first overtone vibrational band chemilumine-

scence and 03 - related emissions have also been performed. The NO (Av = 2)

chemiluminescence near 2.7 pm was excited in the reaction cell in the same

manner as for the fundamental band; i.e., by the interaction between dis-

charged N 2/Ar mixtures and 02 as a counterflow gas. Radiation from the

03 (v3) band at 9.6 pm was observed when discharged 02/Ar mixtures were intro-

duced into the reaction cell with 02 or Ar counterflows. In Part 1 below,

the validity of the existing NO (Av = 2) data base will be discussed, the

results of spectral fitting calculations will be presented, and conclusions

regarding improvement of the data base will be drawn. In Part 2, the 03

data base will be described and ..ompared to previous observations reported

in the literature, and preliminary results, drawn both from trends in the

observed spectra and from first-pass spectral fitting calculations, will be

discussed.

1. NO Overtone Analysis

The emission from the NO (Av = 2) band system near 2.7 pm observed

in COCHISE experiments is most likely due to nascent NO (v) formed in the
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-. reaction cell mixing region by reactions between metastable nitrogen atoms

and oxygen molecules as was shown to be the case for NO (Av = 1) radiation

observed at 5.4 Um in similar experiments. Since the nascent vibrational

population distribution must be identical for the two band systems, the

resulting spectral data may be used to determine the ratio of the sponta-

neous emission coefficients for the two bands (these ratios have not been

measured for v > 2; only theoretical estimates are available). Unfortu-

nately, the existing data base cannot be used for this purpose, since the

uncertainty in the temperature of the blackbody calibration source (cf.

Section III) gives rise to an uncertainty of more than a factor of 2 in

the relative system response between the wavelength regions of the two

*" bands. Furthermore, contributions to the overall intensity of each band

by unidentified radiation sources leads to additional ambiguity in the

-"result. However, the effect of the calibration uncertainty on the spectral

distribution of each band alone is negligible for the fundamental and only

slight for the overtone; thus the spectral analysis of the existing NO

(Av - 2) spectra, coupled with the previously determined vibrational popu-
lation distribution (see Table 1), should at least allow the determination

of the relative Av = 2 Einstein coefficients for each vibrational level.

Unfortunately, because of the presence of unidentified radiation in the

same spectral range as the NO overtone emission, this result could only

be achieved at high vibrational levels. The details of the analysis are

provided below.

After thorough examination of the data base for NO (Av - 2) fluore-

scence, eight spectra were found to be suitable for spectral analysis. The

remaining measurements were found to be clouded by at least one of three

experimental phenomena. First, some of the data were taken with the pres-

ence of large (> 8 mtorr) background levels of He in the reaction cell; it

has been shown (see Appendix A) that such background He levels give rise to

collisional relaxation of NO (v). Second, soe data were taken under con-

ditions where the RC time constant on the signal analyzer was sufficiently

long such that the spectral resolution was significantly distorted; in

future experiments, care should be taken that the electronic time constant
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is less than -30% of the time it takes for the grating to traverse one

resolution element. Third, some of the spectra exhibit marked structure

which should not have been observable with the stated slit width settings;

this effect could be due to inadvertent misalignment of the slits, which

is known to occur occasionally during adjustment of the slit width settings

(cf. Appendix D). As a result of these experimental difficulties, the ef-

fective data base was limited to eight spectra of medium resolution (0.013

0.027 Um) and low He background (<4 mtorr); a typical observed spectrum is

shown in Fig. 8.

The observed NO (Av - 2) spectra were analyzed by the least squares

spectral fitting procedure described in Section C. The NO spectrum was

simulated using the high-precision spectral code developed for the analysis

of high resolution data from the HIRIS rocket measurements; this spectral

calculation is described in detail in Ref. 4. The band Einstein coefficients
25calculated by Billingsley for the Av - 2 transitions were used in the cal-

culations. A comparison of the observed spectrum from Fig. 8 with a computed

least squares fit is shown in Fig. 9. It can be seen from Fig. 9 that con-

tributions from underlying radiation are significant at both the low and high

wavelength ends of the spectrum; indeed, the 2 - 0 transitions of NO are com-

pletely obscured by this unidentified radiation source.

Relative vibrational state populations for the eight observed spectra,

derived from the spectral fitting calculations, are plotted in Fig. 10. It

can be seen that significant run-to-run variation exists, and the effect

seems to occur primarily at lower vibrational levels. By comparison to the

earlier results obtained from NO fundamental spectra, it is clear that the

derived populations of the lower vibrational levels, especially of the v - 2

level, are strongly affected by the underlying radiation; the extent of this

effect appears to vary during the course of a day's data gathering as well as

from day to day or month to month. The source of this radiation may be species

formed in the discharqes from impurities either inherent in the gas or present

as a result of air leaks in the gas lines. The temporal variability of the

intensity of the radiation suggests the latter possibility; however, no such

extensive effects were observed in the NO (Av - 1) spectra obtained during
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the same time period. Although these effects are extremely difficult to

correct for, further experiments could lead to more satisfactory results.

An experimental approach to the problem would be to (1) eliminate system

leaks and purify the gases entering the system, (2) use the best possible

resolution for all scans, and (3) carry out a series of "blank" scans, in

which a non-reactive counterflow gas is used in order to isolate the inter-

fering radiation.

In an attempt to minimize the impurity effects, pairs of "matched"

spectra, in each of which consecutive scans were taken of the overtone and

fundamental bands, were selected from the data base. Due to the experi-

mental difficulties outlined above, only three such pairs could be found.

The relative values of Nv , Av,*v,_n determined in the spectral simulations

for these scans were used to dete-mine relative values of Av, v,_i/A, , 2 .

The relative Einstein coefficient ratios determined for these three cases

are plotted in Fig. 11, together with the absolute ratios predicted by
25 47Billingsley and Michels. It can be seen that, although the experimental

ratios are affected by impurity spectra below v' = 4, the observed ratios

for 5 < v' < 12 exhibit the same dependence on v' as the values predicted by- 25
Billingsley. It must be emphasized that this observation is based on a

very limited data base.

2. Observations of Emission From 0.3-

A preliminary study of 03 chemiluminescence falling in the 2 to 15

jrm wavelength region has also been performed. The observations were carried

out through discharge excitation of 02 /Ar mixtures which were then mixed with

counterflows of 02 or Ar. The most clearly identifiable band system observed

to date is the v 3 band of 03 near 9.6 im; considerable data on the fluores-

cence of this band as observed in COCHISE have been inspected, and the re-

sults of a first-pass analysis will be described below. Two other bands

which may be related to 03 emission were observed near 4.8 pm and 6.4 jim;

however, since the grating used in these experiments was blazed at 10 Um,

the system response at the shorter wavelengths was sufficiently low that

these measurements were signal-limited. More detailed, higher resolution
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measurements using the 3 um grating will be required for a reliable deter-

mination of the origin of these bands.

Von Rosenberg and Trainor 4 8 have observed infrared chemilumines-

cence from 03 formed by recombination of 0 and 02 in flash-photolyzed

mixtures of 02/03 held at pressures of 100 - 400 torr. These investi-

gators used interference filters to isolate different spectral band- -

passes between 2 and 15 Pm. Their spectral observations and interpreta-

tions may be summarized as follows: emission in the 8 - 12 um region

due to v3 and/or vI radiation; emission in the 10 - 12 Um region due to

high vibrational levels of the v3 band system; emission in the 13 - 16

Pm region from the v2 band; emission at 4.5 - 5.0 pm, possibly from the

V1 + V3 combination band; emission in the 5.5 - 7.5 Um region, tentatively
3 3

assigned to the 3B 2  A1 transition; and weak emission at 7.5 - 8.5 um,

possibly from vibration - rotation bands of the B2 state. The COCHISE

observations are consistent with these except that the v2 (14 um), v. (9

pm), and 8 pm bands were not observed.

A representative spectral scan of the v3 band observed in the

COCHISE experiments is shown in Fig. 12. The 001 ) 000 transition, centered

at 9.6 m, is responsible for most of the observed intensity. However, Av3
= 1 transitions for higher vibrational levels can be seen extending to -11

Pm. To the best of our knowledge, these data represent the first spectrally

resolved laboratory observations of emission from higher vibrational levels

of the v3 band of 03. The emission observed in the COCHISE experiments may

arise from some combination of the following processes:

0+02 03* (33)

03 03 (v') + hv (34)

03* + M 03 (vI) + M (35)
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0 3(v') 0 (v' - 1) + hv (9.6 Wm) (36)

03 (v') + (o 03 v") + M (37)

These processes may occur both in the interaction region and in the dis-

charge tubes. It is anticipated that more detailed analysis of the existing

data, coupled with further experiments which may be defined thereby, will

serve to illuminate the relative importance of the above processes.

The preliminary analysis of the v3 data has included an inspection

of the effects of various experimental parameters on the observed spectra

and the initial development of a spectral simulation code. In the former

* case, it was found that the observed spectral intensities and distributions

were affected by the use of Ar instead of 02 as a counterflow gas, by the

F concentration of 02 in the discharge gas, and by the temperature of the dis-

charge gas. Switching from an 02 to Ar counterflow for a given 02/Ar dis-
~charge mixture consistently gave a spectrum of roughly the same spectral

distribution but about a factor of two lower in overall intensity (see Fig.

* 13). This result, coupled with the further effects of discharge mixture
: and temperature to be described below, strongly implies that the majority

of the observed excitation results from processes occurring in the micro-

wave discharges. However, the implications of the reduction in intensity
. in the viewing region for Ar counterflows are not yet understood, and may

be related to chemical or fluid dynamic processes occurring in the mixing

zone.

Reduction of the fraction of 02 in the 02/Ar discharge mixture from
13% to 0.5% gave rise to a corresponiing decrease in overall spectral in-

tensity and also to an enhancement of the fractional intensity of emission

from the higher vibrational levels relative to that from the 001 - 000 trans-

ition (see Fig. 14), as if the p-'sence of less 02 in the discharge mixture

causes less vibrational relaxation of the 03 formed in the discharges (or
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alternately less production of v = 1 relative to v > 1). However, the use

of 73% 02 in the discharge mixture gave rise to spectra with a distinct bi-

modal distribution as shown in Fig. 15. The cause of the spectral distri-

bution shown in Fig. 15 is not yet understood, but may be related to pumping

of the higher vibrational levels by collisions between 03 and excited 02 in

the discharge region. Finally, it was found that the observed spectral in-

tensity displayed a strong inverse temperature dependence for discharge region

- temperatures of 80 - 120 K (see Fig. 16); the observed temperature dependence

of the intensity was found to scale directly with the exp (510/T) dependence

reported for the three-body recombination rate constant.49 While this obser-

vation suggests that the overall three-body process is the major route for

the production of 03 (v'), it does not necessarily mean that the entire pro-

cess occurs within the discharge region. In any event, it is clear from the

above discussion that a more rigorous kinetic and spectral analysis is re-

- quired before any definitive conclusions can be made regarding the mechanism

for the production of the observed radiation.

To this end, a code has been initiated for least squares analysis of

the 03 spectral data using theoretically computed spectra in a method analo-

- gous to that used for NO. Since relatively little spectroscopic data exists

for high vibrational levels of the v3 band, some simplifying assumptions

were used in order to provide an estimate of the contributions from the higher

levels. The rotational line positions and line strengths for the 001 - 000

transitions were obtained from the AFGL absorption line parameters compila-
50

tion, which contains an extrapolated version of the results of Clough and51
Kneizys. More recent rotational analyses of the 000 - 001 transition give

line frequencies 5 2 , 5 3 and line strengths 5 3 in reasonable agreement with the

results of Ref. 51. The band centers of the Av = 1 transitions from higher

vibrational levels of the v3 mode were calculated from the formula5 4

Wo (v' +v' - 1) = V0 1 + 2(v' - 1) x 3 3  (38)

where v' is the vibrational quantum number ( 3 mode) of the emitting state,

V01 is the band center of the 001 - 000 transition, and x3 3 is the first-order
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MUM-55

anharmonicity constant. The value of v01 is well known5 0
-5 5 to be v0 1 = 1042.1-1 -i 5 4

cm . Values of x3 3 in the literature are 
-15 cm and -12.3 cm-;

55

since the measurements of Ref. 55 extended to v' = 4, the latter value of x33

was used in the initial calculations. The rotational spacings and relative

line strengths obtained from Ref. 50 for the 001 + 000 trans.tion were assumed

to hold for all higher v', thus neglecting the effects of vibration-rotation

interactions. The band Einstein coefficients were estimated from the scaling

law

A, = v ' A v' v'-l (39)
A10  )

where the Einstein coefficient of the 001 -) 000 band is, from the data of

Ref. 50, A10 = 10.6 s . The contribution to the total spectxal intensity-

due to each v' - v' - 1 transition was then given by
I vv,_l() - hcv N (40)

vv-l v' Av'*v-lI40

The sum of the spectrally resolved contribution of all vibrational levels

was matched to each observed spectrum by use of the least squares method

previously applied to the NO data.

The computed fit to the spectrum of Fig. 12 is shown, compared to

the data, in Fig. 17; the contributions to the computed spectrum by the transi-

tions from different vibrational levels are shown, compared to the overall

synthetic spectrum, in Fig. 18. The corresponding derived population distri-

bution is plotted in Fig. 19. Contributions to the observed spectral inten-

sity can be identified for vibrational levels up to v' - 6; it can be seen

from Fig. 17 that the anharmonicity constant of Ref. 55 appears to be incorrect

for high v'. Further analysis using the x33 value of Ref. 54 yields a similar

result. Indeed, it may be necessary to use higher order corrections in order

to more accurately match the positions of the features observed at higher v'.
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A more .onphisticated spectral analysis would include contributions

from difference bands of the type vi + "k - i , where Av3 = 1 and the v1

and/or v2 modes are also excited. However, in view of the lack of spectro-

scopic information on these transitions and the extreme difficulty of re-

solving the extensively overlapped bands, such a detailed treatment is not

feasible for the present data. Some preliminary spectral fits, in which

only the difference bands (101) - (100) and (011) - (010) are included
5 0

with the (00v 3 ) sequence, give an improved spectral match to the data in

the 9.7 - 10.0 Um region. The populations derived from these fits suggest

that the (101) state is significantly populated while the (011) state is

not; however, this deduction is clouded by the uncertainty in x33, which

introduces uncertainty into the degree of overlap between the (011) and

(002) transitions. Clearly, direct spectral measurements of the V1 + 'j3

summation band at 4.7 pm would greatly elucidate the analysis of the V3

spectra reported here.

Due to the assumptions which had to be made in order to carry out

these calculations, the relative populations reported here cannot be ex-

pected to represent ground truth, but they can be used to identify trends

induced by changing experimental conditions. For example, the trends in

spectral distribution with different 0 2/Ar discharge mixtures described

above are reflected in the derived population distributions as shown in

Figs. 20 and 21. Figure 20 exhibits the effects on the derived relative

populations resulting from variation of the 02 fraction by over an order

of magnitude in 02 - lean discharge mixtures; the enhancement of the rela-

tive populations of the higher levels with decreasing 02 fraction is clearly

indicated. The derived relative populations for an experiment using an 02 -

rich discharge mixture are shown in Fig. 21; the bimodal nature of this dis-

tribution is characteristic of those obtained from complicated chemical

mechanisms. In general, the distributions shown here exhibit an average

excitation of -1.6 quanta in the v3 mode; this is similar to that given by

a vibrational temperature of 1200 - 2000 K.
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The spectral calculations presented here were performed assuming

rotational temperatures of 90 K and using the nominal instrument resolu-

tion; as such, they represent only first-generation efforts. The temper-

atures and resolutions need to be optimized and sensitivity calculations

-. need to be carried out in order to determine the "noise level" of the re-

sults. Further work on all phases of the 03 data analysis is required.
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III. COCHISE DIAGNOSTIC STUDIES

As was pointed out in Section II certain improvements or adaptations

to the COCHISE system would be useful in providing a more detailed examina-

tion of the NO chemiluminescence reaction, reaction (3). These include the

development of a diagnostic for measuring the absolute concentrations of

metastable nitrogen atoms within the reaction zone and the development of

an absolute intensity calibration for the system. Preliminary efforts have

been directed towards the completion of these goals and these are described
j - below.

A. COCHISE Resonance Absorption Diagnostic

The immediate purpose of a vacuum-ultraviolet (VUV) resonance absorp-

tion diagnostic for the COCHISE apparatus is to measure the absolute concen-

trations of N( 2D) and N(2 P) in the reaction zone in order to relate those

4: quantities to the NO infrared chemiluminescence observed in the reaction of

active nitrogen with oxygen. The establishment of a working diagnostic for

4 these species may allow longer range development of similar diagnostics for

other atomic species such as N( 4S), O(3 P), and H( 2S).

It is well-known that the metastable spe'cies N( 2D) and N(2 P) can be

detected by absorption in their resonance multiplets at 149 nm and 174 nm,
* 17,21

respectively. The purpose of this section is to outline the means by

which this method can be applied to the COCHISE experiment. In the following

pages, a general design of a proposed optical system will be presented, the

resonance absorption method will be briefly reviewed, and the feasibility of

this application will be examined. Finally, techniques for examining the

spectral and line shape characteristics of the resonance line source will be

discussed.

The most desirable diagnostic configuration for COCHISE is one which

does not compromise the infrared detection system, yet which symmetrically

samples through the center of the reaction zone. These criteria are met by
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the arrangement shown in Fig. 22. Radiation from a resonance line source

mounted on the infrared (IR) mirror flange is directed through the reaction

cell, reflected from a plane MgF2 - coated mirror mounted on the IR lens

baffle, and viewed by a photomultiplier (PM) tube at the mirror flange.

Baffle arrangements on the line source and PM detector would be used to

eliminate the effects of scattered light. The 149 ari 174 rm resonance

multiplets would be separated by means of a rotating filter wheel in front

of the photomultiplier tube, using filter materials selected according to

their low wavelength cutoffs at 100 K.56  The N(2 P) 174 nm multiplet would

be selected by a suprasil cutoff window while the N( 2D) 149 nm multiplet

would be isolated from the 174 nm lines and from the 01 130 nm triplet

(which may be produced by the line source) using a special dielectric stack

coating upon a high-grade quartz, sapphire, or BaF 2 substrate. The use of

such filters eliminates the need for a monochromator. The line source will

be either a simple flow system or a sealed, gettered bulb in which the NI

resonance radiation is excited by microwave or radio frequency discharge of

1 - 5 torr of He or Ar containing trace amounts of N2. A MgF window can

be used to isolate the line source gas from the reaction cell.

The 149 nm and 174 nm radiation emanating from the source lamp will

be absorbed by N( 2D) and N(2 P), respectively, in the reaction zone. Over

the range of conditions encountered in COCHISE, the absorption line shapes

will be virtually entirely determined by Doppler broadening. For a single

resonance line with frequency v0 and absorber optical depth k o. (absorption

coefficient k and path length £), the fractional absorption of resonance

radiation is given by5 7

f f(w)dw
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where w 2(ln 2)1/2 ( - 0)/A D , AV = 2(2R in2) 1/2 01c(TA/M) AV D

is the Doppler width of the absorption line in sec , R is the gas constant,

c is the speed of light, M is the molecular weight, and TA is the kinetic

temperature of the absorbing species. The function f(w) describes the shape

of the resonance line emitted by the source. It has been shown that f(w) can
2 58

be affected by self-absorption in the source and/or Dy excitation processes

in the discharge plasma;5 9 these effects can be experimentally tested as dis-

" - cussed at the end of this section. For the purposes of the following discus-

4 sion, it will be assumed that f(w) is affected only by Doppler broadening

corresponding to a source kinetic temperature TE

-(42

f M) - e -(W/) (42)

where a =(TE /TA 1 / 2  Substitution of Eq. (42) into Eq. (41) and integration

gives

(-1) n-21/2(43)
n (1 + nc2)

1 / 2

n=l

or for small k Z,

k 9
00

A + a2) /2 (44)

For the NI 149 ram and 174 nm multiplets at TE f T = 100 K, overlap of the

lines is negligible and the absorption in the unresolved multiplet is simply

the weighted sum of absorptions in each line:
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E C A (k .t)
ATOT  01 (45)

i

where the C. are the relative source emission intensities of each line and

the ko. are the absorption coefficients of each line.

The spectroscopic properties of the N( D) and N( P) resonance

*multiplets are given in Tables II and III, respectively. The lower state

for each transition is actually a multiplet, where the 2D and 2D3 2

stts r sprae b .2c 1  2 2 5/32
states are separated by 9.2 cm and the P and P states are separated

-1 1/2 3/2
by 0.25 cm . The lower state degeneracy g is given by g = (2J + 1) and

17
the relative intensities I are given by L -. S sum rules. Values of the

absorption oscillator strength fLU are obtained from radiative lifetime60
measurements. The oscillator strength is related to the absorption co-

efficient by:

1/2 k
f ____ mc A (46)

LU4 Ln 2 2 D (46lie L

,LL="where m and e are the electronic mass and charge, respectively, and N L is

the number density of atoms in the lower state of the transition. Thus the

relative k . values within each multiplet are determined by ratios of f N
01 -AE AT - LU L'

where NL = gL L L e-Li/kTi From combining Eqs. (44) (45)

and (46) using the values of Tables II and III for T - 100 K and =no [NCD)]T 1.81 x 0°  -3 r
110 cm, [N(2DT (5.81 x 10 cm )A and [N(2p)] = (7.OO x

10 -3 2 TOT rO D10 cm )A for a = 1 i.e., for T_ - T - 100 K), or [N( 2 D)T

(7 .12 x 10 cm- 3)A and [N(2p)] T (8.57 x 10 cm)A for2" TOT TOT 185 0 0 c')ToTfo

= 2(i.e., TE = 200 K, T = 100 K). If a minimum fractional absorption

of A, 0.005 can be detected, the lower detection limit for N( D, P)
8 -3

will be (3 - 4) x 10 cm . This concentration is near that expected for

N(2 P), and is roughly an order of magnitude lower thaa that expected for

N( 2D) (see Section II).
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TABLE II

-N( 2D) RESONANCE LINES'

Wavelength, Upper Lower Relative b
nm State State 9L Intensity f LU

149.2615 2P D 06 9 0.078
p3/2 5/2

149.2812 2 P 2D 04 1 0.0133/2 3/2

V,2 2o0149.4668 P12 D 32 4 5 0.065

aR f. 17

bRef. 60
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TABLE III

N( P) RESONANCE LINESa

Wavelength, Upper Lower Relative b
nm State State gL Intensity fLU

2 2 0
174.2717 2 0 2 1 0.021

3/2 1/2

2 20174.2725 p 3 2  P3/2 4 5 0.053

4542 2 o

174.5246 P P 2  2 0.043

2 2o

174.5255 P 2  P 3 /2  4 1 0.011

aRef. 17

bRef. 60
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There can also be scme signal attenuation due to absorption by 0,

in the dissociative Schumann-Runge continuum. The 02 absorption cross-
1-17 2 1-9 2

section is 1.24 x 10 cm and 2 x 10-19 cm at 149 ram and 174 nm, respec-
61

tively, corresponding to Beer's-law absorption of 0.38 and 0.006 at the
14 -3two wavelengths for an 02 concentration of 2 x 10 cm . While the

N( 2D, 2P) measurements must be corrected for this attenuation, the effect

can be turned to advantage as a diagnostic for 02.

For the optical system shown in Fig. 22, the number of photons/sec
2impinging on the PM photocathode is I TA /x , where I is the number of

photons/sr-sec emitted by the source in a given resonance multiplet, T is
the net fractional transmission of the lamp window, mirror, and filter, A

c

is the area of cathode, and x is the total optical path length. Past ex-

perience with similar microwave-powered line sources has shown that emission
13intensities of -10 photons/sr-sec can be readily attained for each NI

59 2multiplet. For this radiant intensity, T - 0.1, A - 0.5 cm , and x = 155c7

cm, conditions appropriate to the COCHISE facility, approximately 2 x 10

photons/sec will be intercepted by the photocathode. For a photomultiplier
6tube with a quantum efficiency of 10% and a gain of 10 , the resulting current

-7
will be -3 x 10 Amp, whtch is at least four orders of magnitude above the

probable dark current of the tube. Because of the short radiative lifetime of

the emission, background radiation from the reaction zone due to atoms excited

in the system discharges will be negligibly small.

These absorption measurements can be made with the reaction cell

discharges in either the cw or pulsed mode. In the cw mode, the 02 and

N( 2D, 2P) absorption should each be measured in the absence of the other

absorbing species. However, in the pulsed mode, the fractional intensity
2 2absorbed by N( D, P) is directly obtained even in the presence of 0 Since

the absorbed intensity is determined in volts as the rms value of a pulsed

signal and the unabsorbed lamp intensity is a cw current measurement, their

ratio (i.e., A TOT ) cannot be determined without making assumptions about

the signal waveform. For this reason, it may be desirable to measure the

unabsorbed lamp intensity in the pulsed mode using a mechanical chopper

operating at the same frequency as the atom modulation. In normal practice,

measurements of the concentrations of N( 2D, 2P) and 02 need only be made

when flow or pressure conditions are altered, so that the VUV and IR obser-

vations can be made separately.



The performance of the resonance lamp can be optimized and charac-

terized in separate observations not involving the COCHISE facility. By

observing the lamp emission with a VUV monochromator, flow and discharge

conditions can be adjusted to maximize the intensity of the NI lines, mini-

mize the intensities of impurity lines which could interfere with the measure-

ments, and minimize the self-absorption in the NI multiplets (indicated by

deviations of intensity ratios within thie multiplet from the values in Tables

II and III).

The possibility of non-thermal broadening of the emission lines can
2

be tested by making absorption measurements of N( D) produced in a discharge-
17

flow apparatus similar to that of Lin and Kaufman. One method is to vary

the temperature of the lamp body while measuring a given concentration of
2N(2D) and compare the results to predictions of models based on Eqs. (41)

(45). Another method is to kinetically remove N( 2D) in the flow tube by

titration with a fast reactant under second-order conditions, as was done

for N( 4S) in Refs. 17 and 59; however, the kinetic analysis required for

such a titration is complicated by the very fast first-order removal at the

flow tube wall which is the dominant N( 2D) loss process.

B. COCHISE Optics And Observed Intensities

The observed infrared chemiluminescence signals can be related to

absolute intensities and average species concentrations in the field-of-view

of the detector by means of blackbody calibrations and knowledge of the col-

lection efficiency of the optical system for all radiation within the field-

of-view. The purpose of the following discussion is to show the relation-

ships between blackbody and chemiluminescence intensities, to examine the

method of determining the intensity of the blackbody radiation, to discuss

methods for determining the overall detector collection efficiency and field-

of-view, and finally to provide estimates for the observed chemiluminescence

intensity.

1. Method of Calibration

As pointed out in Section II a blackbody source is built into one

end of the COCHISE reaction cell. The spectral radiance in watts cm- 2 sr "I
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1m-, NA, emitted by the blackbody is given by NA = 11909 X- 5 [exp(14388/

AT) - i] where A is the wavelength in urn. The observed detector signal,

SB volts, corresponds to a detected power density of (4 TNX AB B TX) wattsA -i
Pim , where A is the area of the blackbody, E is the fractional collection

B B
* -efficiency of the optical system for radiation from the blackbody, and T

is the overall transmission of the optical system. Similarly, the infrared

chemiluminescence signal S in volts corresponds to a detected power density
c a

of (41 IX A c TX) watts pm , where c is the effective collection effi-Ac c c
ciency of the optical system for radiation in the field-of-view, A is the

c
effective cross-sectional area of the viewing region, and IA is the spectral

-2 -1 -l
radiance in watts cm sr Jim (here, the viewing region is approximated

to be cylindrically symmetric about the optical axis, with a uniform distri-

bution of emitters throughout the emitting volume. The details of the actual

field-of-view will be examined in Section 3). The quantity I is then given

by I X Sc/FX where the calibration factor FX is

SB  SB
BF (47)X (AB/A ) ( /c )N C NBcA A

Experimentally, S B(A) is measured for a given blackbody temperature. That

temperature is used to determine N and the value of the constant C is obtained

by characterization of the optical geometry; these values are then used to com-

pute FA from Eq. (47). Note that the optical transmission T cancels out in

Eq. (47) because it is present in both the blackbody and the chemilumines-

cence measurements.

The quantity FA can be used to convert the observed chemilumines-

cence signal into the spectral radiance I, which is directly related to

the number density of the emitting species averaged over the field-of-view.

In the following discussion, Section 2 deals with the determination of NX

and EB, Section 3 discusses the dimensions of the viewing region and the

determination of c , and Section 4 shows how the characterization of the
c

optical system is used to relate observed intensities to concentrations

of NO in the viewing region.
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2. Determination of Blackbody Parameters

The key to defining the absolute response of the COCHISE optical

system is a blackbody calibration source imbedded in the end mirror of the

reaction cell. During the course of the NO studies reported in Section II,

this source was an Electro Optical Industries (EO) Model LT1521 blackbody

with a factory-installed chromed-constantan thermocouple potted into the

casing. Unfortunately, it has been found that the blackbody temperatures,

as indicated by the thermocouple for given power settings, were consider-

ably lower under COCHISE cryopumping conditions than under vented condi-

tions, and a preliminary radiometric analysis of a somewhat limited data

base indicated that the temperatures characteristic of the source radiation

were consistent with the thermocouple readings. The purpose of this sec-

tion is to: (a) describe further interpretation of a more extensive black-

body response data base developed to elucidate the appropriate blackbody

source temperatures (b) present analysis of extra-COCHISE measurements de-

signed to evaluate blackbody performance under a variety of conditions, and

(c) detail the selection of an alternate blackbody source for future use.

The temperature-vs.-power characteristics observed for the EO black-

body under various conditions are shown in Fig. 23. The minor difference

between the manufacturer's curve and the room-condition curve taken with the

blackbody installed in COCHISE is probably the result of the additional volt-

age drop in the latter case resulting from the longer leads required to

connect the blackbody to the power source. The 100 - 1300K difference in

apparent temperatures between the room-and cryopumped-condition measure-

ments was eventually found to be due to a pressure effect, as will be

described below. The COCHISE blackbody response data base was used to

test these two "calibration" curves as follows. Ratios of the observed

spectrally resolved radiative output of the blackbody for two power settings

(in the COCHISE apparatus, this output can only be observed under cryo-

pumping conditions) were compared to ratios predicted for those two settings

from each temperature curve using the relationship
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N= 11909X-5 [exp (14388/XT) -i] -l (48)

is~-2 -1 -1

where N is the spectral radiance of the blackbody in watts cm sr 1m ,

X is the wavelength in um, and T is the apparent temperature (obtained from

the appropriate "calibration" curve) in K. This analysis was performed

over the spectral range of 2 - 8 Vm for nine different sets of blackbody

spectra; although considerable scatter was found in the 2 - 4 pm region,

all data obtained prior to 12-23-77 were clearly consistent with lower tem-

perature values while all data obtained subsequent to that date (a date

when the blackbody was temporarily removed from the apparatus for recalibra-

tion testing) were equally consistent with the upper of the two curves.

These results suggested that the temperature of the blackbody components

within the field-of-view of the detector was not uniform and that the rela-

tive contributions of the nonuniformities to the observed radiative output

were very sensitive functions of the handling and/or orientation of the de-

vice.

The EO blackbody source was further tested through use of the FAKIR

facility (see description in Section IV) so that the apparent temperature

and spectrally resolved radiative output of the blackbody could be monitored

as functions of pressure over the range 0 - 760 torr. Specifically, the

blackbody was inserted into the quartz flow reactor via a vacuum feedthrough

adapter, and the radiative output in the 2-4 Um region was observed through

the reactor wall by a scanning monochromator equipped with a liquid nitrogen-

cooled infrared detector. The pressure was varied by controlled addition of

Ar to the static system. It was found that, as the pressure was increased

from <10 -3 torr to 1 atm, the temperature indicated by the thermocouple

reading for a given power setting varied smoothly from the value obtained

in COCHISE under cryopumped conditions to the value obtained in COCHISE in

room air, even though the power supplied to the cavity remained constant.

The radiatnt intensity of the blackbody was found to behave in a similar

manner. These observations, coupled with the COCHISE measurements, clearly

demonstrated that the thermocouple was not in good mechanical contact with

the radiating element, and that either or both components could give rise
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to radiation within the field-of-view of the detector. On the basis of

this interpretation, it was concluded that the EO blackbody device was in-

adequate as a calibration source for low pressure environments such as that

used in the COCHISE facility.

Further analysis was carried out on similar tests conducted with an

alternate blackbody source fabricated by AFGL/OPR personnel. This device,

which has now been integrated into the COCHISE apparatus, consists of a 25W,

2k, 1% resistive heater (Dale, 7243) with a Zlat-black-painted emitting

surface; the temperature is monitored by a platinum resistance thermometer

-epoxied to the back of the heat sink. Pressure tests performed on the FAKIR

facility established that the temperature probe was well coupled to the heat-

ing element.

The crucial test of the suitability of the alternate blackbody as a

calibration source is to determine whether the wavelength and temperature

dependence of its radiant intensity is the same as given by Eq. (48). It

can be seen from Eq. (48) that, for the wavelengths and temperatures of inter-
5est, plots of in (1/S BA ) vs I/T should give straight lines of slope A/14388

if the observed relative emission intensity SB is truly "black". Measure-

BBments of S B vs. I/T, made on the FAKIR facility over the ranges 2.8 - 4.0

Um and 340-400 K, were analyzed to give the results plotted in Fig. 24. The

points represent the experimental values; the solid lines indicate the be-

havior at each wavelength predicted from Eq. (48). It can be seen that, over

the range of wavelength and temperature available in the FAKIR measurements,

the emission intensity follows the Planck radiation law within the scatter of

the data.

Additional measurements were made on the COCHISE facility over a

larger range of wavelength (2-8 pm) and blackbody temperature (250-400K),

with more precise regulation of the blackbody temperature (+ 0.3 K, as

opposed to the + 20 K uncertainty in the FAKIR results shown in Fig. 24.

Preliminary analysis of these data provides further indication that the

observed radintion follrdws thn Planck formulai.
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ii
In conclusion then, it appears that data Laken to date in the

COCHISE facility will exhibit an uncertainty in absolute intensity result-

ing from the inability to appropriately define the blackbody temperature.

Future calibrations should be more reliable now that an improved blackbody

source has been inserted into the system. The NO fundamental band discussed

in Section II was taken prior to 1978, and thus, it haF been assumed that

the thermocouple temperature should be used in evaluating Eq. (48). The

remainder of this discussion will be specific to the Electro Optical In-

dustries blackbody with thermocouple definition of temperature.

The collection efficiency of the optical system for radiation from

the blackbody can be determined by consideration of the COCHISE optical

system diagrammed in Fig. 25. The blackbody, which is embedded in an alum-

inum mirror, is located beyond the focal point of the lens at a distance

XoB from the center of the lens. The radius of the blackbody aperture,

R (0.1 cm) is sufficiently small so that the extreme rays emerging from
OB
the lens underfill the window aperture (which is equal to that of the lens),

overfill the entrance slit (2 cm tall) of the monochromator, underfill the

grating (6 cm x 6 cm, here represented schematically for what is actually

an f/6.9 Czerny-Turner mount of 50 cm focal length), and converge to an

image of radius RiB at a distance xiB from the center of the lens. The

net collection efficiency of the system is then the product of collection

efficiencies of the lens for blackbody radiation and of the slit for light

passing through the lens. (The detector is designed with a parabolic re-

flector so as to have unit collection efficiency for light collected by the

lens-monochromator system.) The blackbody collection efficiency of the lens
2 -4of radius RL is approximately (R L/2 x oB) 4.1 x 10 for RL = 3.8 cm and

S XoB = 94.4 cm. The slit efficiency is given by the ratio of the slit area

to the area illuminated in the plane of the slit. The radius of the illumin-

ated region was determined from geometrical optics to be 3.3 cm (for a lens

focal length of 1.2 cm and a distance c,, 43.2 cm from the lens to the 2 cm

tall slit), so the slit efficiency is (5.9 x 10 3 )WB where WB is the slit

width in mm. The overall collection efficiency is then c, = (2.4 x 10-6 )W
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3. Detection of Chemiluminescence*

The emitting volume is divided into two regions by the focal plane

of the lens. The collection efficiency for radiation originating from beyond

the focal point is greatly enhanced by reflection from the aluminum end mirror.

The extrema of the field-of-view in the vertical and horizontal directions are

determined by the extreme rays which pass through the lens according to the

lens equation (i/xi + 1/x = 1/f, where the subscripts i and o designate im-

age and object respectively), pass through the various stops of the system,

and strike the edge of the grating. Figures 26 and 27 illustrate the deter-

mination of the field-of-view for the two regions. For points between the

lens and its focal plane, virtual images are formed beyond the source radi-

ation as shown in Fig. 26. The maximum observable radial extent of the vir-

F . tual image is shown by the dashed arrow in Fig. 26, and is determined by the

intersection of the plane of the virtual image with the solid line, which is

the extreme acceptable ray from the reaction chamber (as limited by the aper-

tures of the lens baffle, lens, slit, and grating, i.e., in the absence of

- refraction by the lens itself). The solid arrow in Fig. 26 represents the

maximum radial extent of the detected chemiluminescence from the source plane

-in either the vertical (slit height) or horizontal (slit width) direction,

and is determined by the intersection of the plane of the source radiation

with the dashed line connecting the virtual image extent and the center of

the lens.

For radiation arising from points beyond the focal plane of the lens,

real images are formed well past the monochromator, as shown in Fig. 27. In

this case, the maximum image extent, represented by the dashed arrow in Fig.

27 is determined by the intersection of the image plane with the solid line,

which is the extreme acceptable ray following refraction by the lens. The

radial extent of the observed chemiluminescence in the source plane, shown

by the solid arrow, is then determined as before by the intersection of the

source plane with the dashed line from the maximum image extent through the

center of the lens.

*This section is concerned with the definition of the optical system field-

of-view and collection efficiency. See Ref. 62 for a detailed discussion
- .of out-of-focus photometry.

-75-



-4 0
0

t~

U 0

0.

4-

r4)

-- " ,0 -

0° ..

to

0

0

o4

-76 -



0
- I4

.2

I 0

I ~84
0 0

p 46

P4.

-- J

00



This procedure was carried out graphically for both direct and re-

flected radiation from the plane of each pair of inlet jets; the results are

presented in Table IV. In the vertical direction, the viewing region has an

inner portion for which the entrance slit is verticilly filled and an outer

portion for which the slit is only partially illuminated; the radial gradient

of the collection efficiency is greater beyond the inner boundary. In the

horizontal direction, the separation between inner and extreme boundaries is

negligible.

The overall collection efficiency for all radiation in the field-of-

view is the product of the efficiencies of the lens, window aperture, slit,

and grating, each of which depends on both the radial and axial position of

the emitter. Although the complete calculation is somewhat complicated, a

simpler calculation may be made for emission arising on the optical axis.

The radial collection efficiency will be a maximum along this axis of sym-

metry where the slit is fully illuminated and the grating is underfilled.

The determination of the collection efficiency for the two optical regions

on either side of the focal plane is illustrated in Figs. 28 and 29. For

points nearer than the focal point of the lens, the on-axis collection effi-

ciency is the product of the efficiencies of the lens, window, and slit, as

shown by the solid lines in Fig. 28. For the lens (area A L), the collection

efficiency is £L = A/(4wx ). For the window aperture (also of area A andL2/L )
L02 L2at a distance 6W from the lens), the collection efficiency Is £ = x .(6 - x.IWw i w

(note that xi is a negative number in this case). The slit efficiency is sim-

ply the ratio of the slit area to the area illuminated in the slit plane (which

is a distance 6 from the lens); the illuminated area is given by A = AL
2 S 2 L

(6 s - xi) /(6 w - xi ) . For points beyond the focal length of the lens
(diagrammed in Fig. 29), the rays emerging from the lens are converging

and the window aperture is no longer a stop. The on-axis collection effi-

ciency is then the product of only the lens and slit efficiencies, defined

as before except that the illuminated area at the slit plane is A = AL

(x -6 ) 22/x
s /i.

The parameters of the optical system are: f = 71.2 cm, 6 ff- 43.2
s

cm, 6 = 5 cm, Rw - RL = 3.81 cm, and slit height = 2 cm. Using these values,

on-axis collection efficiencies for both direct and reflected radiation were
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TABLE IV

EXTREMA OF DETECTOR FIELD-OF-VIEW a

Discharge Slit Vertically Ve rtical Horizontal
Positionb Filled, cm Extreme, cm Extreme, cm

4 4.0 4.5 3.6

3 4.5 5.6 3.6

2 5.3 6.6 3.8

1 5.8 7.6 3.8

1' 4.4 5.6 5.3

2' 4.4 5.8 5.6

3' 4.6 6.1 6.1

41 4.5 6.1 6.3

" aExtrema are expressed as radial extent of the viewing region from the

optical axis, +0. 5 crn.

bDischarge positions are numbered starting with the one closest to the

mirror. Primes indicate reflected radiation.

i ,
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calculated for the plane of each pair of inlet jets; the results are shown in

Fig. 30. The sum of the values for direct and reflected radiation from each

point represents the total system collection efficiency for on-axis radiation. -

This value varies from (7.4 x 10 6 )W at the end of the reaction zone nearest-6 c
the lens to (5.1 x 10 -6)W at the end of the reaction zone nearest the mirror,

where W is the slit width in mm. The average value is (6 x 10-6 )W , whichc c
corresponds to emission from the vicinity of jet position 3 (cf. Figs. 28,

* 29). Note that the effect of the mirror is to increase the on-axis collec-

tion efficiencies by factors of 3.2 to 1.7. It should also be pointed out

that the reflectivity of the mirror as a function of wavelength is not

sampled in the blackbody calibration, and is taken to be 100% in the pre-

ceding discussion. -

Due to the small slit width (0.1 - 3 mm) and near-collimation of the

incoming radiation, the grating is not horizontally filled; this can be ex-

pected to have some effect upon the apparent resolution of the monochromator.

The nominal resolution of the instrument, as determined from the linear dis-
63persion of the grating in the plane of the slit, is given by 6s = WD/nfM

where W is the exit (and entrance) slit width in mm, D is the groove spacing

of the grating in mm, n is the diffraction order of the grating, fM is the

focal length of the monochromator in meters, and 6X is in pm. For the grating
-1

used in the most recent experiments, D = (150 lines/mm) , n = 1, and fM = 0.5

m, so the nominal resolution for 2 mm slits is 6X = 0.027 Um. This value

should be equal to the observed resolution if all the grating lines are

illuminated, i. e., if the grating is horizontally filled. However, if rela-

tively few grating rulings are illuminated, the overall instrument resolu-

tion is degraded due to a low grating resolving power / AG, where X/6XG = nN,

n is the griting diffraction order, and N is the number of lines illuminated.

For example, for the case of collimated incoming light and geometri-

cal imaging of a 2 mm entrance slit, 300 rulings are illuminated and the

"resolution" of the grating in the first order is 6XG --0.017 Um at X = 5 Um,

which is comparable to the nominal value 6A . If the slit is sufficiently

narrow to produce a significant diffraction pattern at the grating, it can be

shown6 3 that the width of the central diffraction maximum at its base is
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2 XfM/W for collimated incoming light; for a 2 mm entrance slit, the illu-
minated width of the grating is then about 2.5 mm, which corresponds to

dX G -0.013 mm.

In reality, the available slit widths (0 .1 - 3 mm) clearly lie in a

transition region for which the pattern of illumination of the grating through

the entrance slit may have significant contributions from both geometrical

imaging and diffraction by the slit. In any event, the result is that, due

* to contributions from both SX and 6X , the actual wavelength uncertainty
Gs

will be somewhat larger than that which can ultimately be provided by the

monochromator. This is in qualitative agreement with the results of the

analysis of NO chemiluminescence, where the resolution giving the best

matches between computed and experimental NO spectra is 0.035 urm for 2 mm

slits (see Appendix A). Furthermore, the actual observed radiation is not

collimated but is convergent or divergent to varying degrees, depending

upon its point of origin; this leads to the speculation that the effective

resolution may be slightly different for radiation originating from different

axial regions of the field-of-view.

In connection with the above discussion, it should be pointed out that

it has been empirically observed that the blackbody signal at a given wave-

length increases roughly as W3/2 . Although a complete understanding of this

result requires a larger data base for both blackbody and chemiluminescent

radiation, the effects of incomplete illumination of the grating may provide

a partial explanation.

The preceding discussion has merely provided an approximate descrip-

tion of the properties of the COCHISE optical system. A detailed character-

ization of the system would clearly require a significant theoretical/experi-

mental effort, which could conceivably be provided in a future effort.

4. Absolute Specific Intensity

From Eq. (47), the ratio of blackbody to chemiluminescence geometric

factors is C - AB CB/(Ac £c ). Using the results of the preceding sections,

A can be approximated as the area of an elliptical cross section of thec
viewing region in the plane of the "average emitter" near jet 3 (cf. Fig. 30,
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Table IV): A ; 80 cm2 . Using the average on-axis collection efficiency
c 4

for ec gives C = 1.57 x 10 W B4 c . The on-axis value for C, which should

provide the minimum estimate for I, will be used throughout the following

discussion, but the empirical WB "5 result mentioned earlier will be used to

BBcorrect the blackbody signal observed for one W B to t!hat corresponding to

WB W c
c-2

The total NO chemiluminescent intensity is fI dA in watts cm-i
sr and is related to the average NO number density (assuming a unifor

cross section) by

-hv A N

fi x dX 4 v [No] 1 (49)

Ev

v-_o

where h is the number of joules/photon at frequency v, A is the rotationallyv

averaged Einstein coefficient for emission from level v to level v - 1, N isv

the relative population of level v, and Z is the length of the reaction zone.

From the Einstein coefficients of Ref. 25 and the average relative populations
12 12 -1

deduced in Section II and Appendix A, Z AN/ Z N v 34 s . For

Z = 54.4 cm and X" 5 lim, Eq. (49) gives

[NO] = 1.7 x 10 17fIX dX (50)

Graphical integration of the spectrum from experiment 286706 (cf. Table
-8 -1 -2

A-I) gives i1A dX\ 1.7 x 10 watt sr cm after making the empirical

correction for the relative slit widths of the blackbody (calibration experi-

ment 286701, W = 1.5 nn) and chemiluminescence (W = 2.0 mm) observations.B c
Thus the total NO density averaged over the viewing region is estimated to

9 -3be [NO] 3 x 10 cm , which is consistent with that predicted in Section

II on the basis of kinetic arguments.
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IV. FAKIR STUDIES

A. Introduction

3 +It has been suggested that reactions of N2 (A Z ) with 0 and 022 u
could be significant sources of odd nitrogen and of vibrationally excited

64
NO in the upper atmosphere. The possible reactions of N2 (A) with oxygen
atoms are summarized as follows:

3 + 3 1 + 3
N 2 (A3Eu+v'=O+ 0 P) - N 2(X r  ) + 0 ( P) + 6.2 eV (51a)

- N 2(X 1 ) + 0 ( D) + 4.2 eV (51b)

2 g

S(X E ) + 0 (iS) + 2.0 eV (51c)
2 g

P2 4r NO(X 7) + N (4S) + 2.9 eV (51d)

- NO(X 2W) + N (2 D) + 0.5 eV (5le)

Reactions (51d) and (51e) may be major sources of NO and N(2 D) in auroras

and in the quiet daytime E-region; 6 4 in addition, some of the exothermicity

of these reactions may appear as vibrational energy in the product NO mole-

cules. The further reaction of N( 2D), formed in reaction (51e), with am-

bient 02 can also give rise to vibrationally excited NO.

The rate constant for quenching N2 (A3 + ) by oxygen atoms has been

reported as 2.2 x 101 cm 3/sec 28 and 1.5 x i0-l1 cm3/sec.6 5 However, Meyer

et al's 28 measurement is indirect and could be in error by a factor of three

to four, while the determination of Dunn and Young6 5 was made in a compli-

cated system which could provide reactive species, in addition to N (A),
64 2

which might complicate the kinetics. Aeronomic estimates have favored a

value closer to 10 - I 0 cm 3/sec. Recent rocket measurements by Sharp et al6 6

and O'Neil et al67 are in conflict on this. Sharp et al66 favor the high

value, while O'Neil et al67 support the earlier laboratory measurements.
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Only Meyer et al28'6 8 have investigated the products of the reaction

between N 2(A) and oxygen atoms. They observed excitation of 0(1 S by its
characteristic emission at 557.7 nm, and estimated that 15-50% of the total

N2 (A) quenching by oxygen atoms occurs via this path. Their system was not

sufficiently free from extraneous NO contamination to rule out the possibil-

ity of NO product formation as well.

The possible reaction channels for the interaction of N (A) with
2

molecular oxygen are as follows:

N(A + 02(X 3 E 9 N2 (XIg) + (X 3 + 6.2 eV (52a)

N2 (XIE + + 20(3P) + 1.1 eV (52b)

g3

+ N 20 + (3 P) + 3.0 eV (52c)

+ N20 + O(D) + 1.0 eV (52d)
2

+ 2NO (X2 w) + 4.2 eV (52e)

(3 +

Since 02 is the main deactivator of N2 (A E ) in the atmosphere below 100 km, 6 4

significant amounts of atmospheric N20 could be formed via reactions (52c) and

(52d), with possible vibrational excitation of the product. Further reactions

of N20 with N( 2D) and (1 D) can lead to the formation of NO.6 4 Direct forma-

- tion of NO via reaction (52e) is expected to be extremely slow due to the

dynamic constraints which inhibit such four-center exchange reactions.

Measurements of the room-temperature rate constants for this reactions

vary between 1.9 and 7.6 x 10 1 2 cm3  28,38,65,68-74 (Table V). Some of this

scatter probably results in the variation in deactivatiun rate constant with

vibrational level, although there is some controversy over the importance of

this variation for v' = 0 and 1, the two main vibrational levels populated
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TABLE V. Rate Constants for Reactions of

N 2 (A1 ) v - 0,1 wiLh 0 and 0 2

ko2 kO  Comments Reference

6.0 22 Hg(6 3P ) tracer 280. 002

k from ko/k0 3-4 and listed number for ko

claim k Ak= 1.3-
v= 1 v 0

2.9 (v = 0) 15 claimed k = k 65v =l v=O0

Looked at VK 0,6 and 1,5 with interference filters.

Probably some interference from NO y - bands

3.8 NO y - band tracer 69

3.3 NO y - band tracer 70

S 33.7 Hg(6 P1 ) tracer 71

claim k kv=l v=O

6.5 Hg (63 P) tracer 72
7.6 Hg (6 PI) tracer - This value was measured 73

relative to 5 + N = x 10 - 1 1 an3 molecule- s-1__relative _o_ kN 2 (A) + N

1.9 (v = 0) Measured N2 (A) with absorption on nitrogen 38

7.6 (v = 1) 1+ system

3.5 Broadband filter - "mostly v = 0". Could have 74

been contaminated with NO y - bands.

4.5 (v - 0) v = 0 and v - 1 with monochromator. Could have
5.1 (v 1) large uncertainty in reaction time.

a. The listed rate constants are for T 300K. They are in units of

10 - 1 2 cm3 molecule-i 
- 1 .
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in most laboratory experiments. The data of Dreyer, Perner and Roy 3 8 indi-

cate that for reaction (52) k ,=I/k, = 3.9. On the other hand Dunn and

Young65 and Callear and Wood 71 claim both levels are deactivated with equal

probability, Meyer, Setser and Stedman2 8 claim only a 30% greater rate con-
74

stant for quenching v' = 1 by 02 compared to v' = 0, and Clark and Setser

claim k v,=/kv,=O = 1.13. A number of the experiments were done using tracers

or broad band filters, hence the lack of specificity in vibrational level.

Only Meyer et al28 have investigated product formation in this re-

action. They indicated that oxygen atoms are a significant product of the

reaction, but did not make a quantitative estimate of the yield. The de-

termination of a quantitative yield of 0 from the reaction between N (A) and
2

02 could give insight into the other products of the reaction. For example,

if the yield were two 0 atoms per N 2(A) deactivated, then clearly, the only

important product channel would be reaction (52b). If, however, the yield

were significantly less than one atom per deactivation, then it would be

clear that either reactions (52a) or (52e) were important. The importance

of reaction (52e), which is considered to be unlikely, could of course be

checked by. looking for NO.

The above discussion indicates that for reactions (51) and (52)

neither the overall reaction rate constants nor the branching into various

product channels can be considered to be known to even an accuracy of a factor• 0-123-l-

of two; although Setser thinks a value of 3.5 x 10 cm molecule-1s for
74

the rate constant for reaction (52) is probably correct to within 30% The

situation is even worse for temperatures other than 300 K, since is
70

only one published study of the rate constant for reaction (52) ove. the

limited temperature range of 245-3650K, and no such studies at all for reaction

(51). Initial experiments were carried out in the FAKIR facility to test the

feasibility of modifying this apparatus to allow for studying the N2 (A)/O,O2

system.5 The tests indicated that the apparatus could be used to study N2 (A)

reactions and the necessary modifications have nearly been completed. Ini-

tial calibrations and performance tests are now being done.
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B. Description of Experimental Facility

The FAKIR facility, which is shown schematically in Fig. 31 consists

of a two-inch diameter quartz flow reactor which is pumped by a Roots blower

capable of producing linear flow velocities of 8 x 103 cm S- I at pressures of

1 torr. A 0.5 m monochromator is mounted upon a sel. of rails parallel to

the flow tube which permits spectral observations of luminous gases within

the flow tube as a function of linear distance down the tube. Distances

are converted to reaction times by dividing by the flow velocity.

A hollow-cathode source of metastable argon atoms is at the upstream

end of the flow tube. Nitrogen metastables are produced in the electronic

energy transfer reaction between metastable Ar( P2,0 ) and N .32'75 This

transfer results in the production of nearly equal populations of the C3 i
3 U

and B w states of N which quickly cascade radiatively to the metastableu
3+ g 76 2
A E state. The hollow-cathode metastable source is clean and free from

u 3+
other reactive species such as ions or energetic electrons, so that N (A E

2 u
is produced in the absence of significant concentrations of other reactive

species such as ground-state or electronically excited nitrogen atoms, and -

vibrationally excited ground electronic-state nitrogen molecules. The con-

27centrations of N9 (A) produced by this technique are reported to be on the

order of 1-10 X 10 cm-3.

A microwave discharge in argon was used initially to try to produce

the argon metastables which were subsequently to be mixed with nitrogen to

make the nitrogen metastables. Under no conditions were the nitrogen metas-

tables positively identified by observation of the Vegard-Kaplan, A + -
I£ '+ U

X E , emission in the 250-350 nm region. Some indirect evidence for small

concentrations of N2 (A) came from the observation of NO y-band emission in

the 220-300 nm region; this emission has been shown to be excited efficiently

in the interaction of N (A) with NO.7 3 '7 5  In the present case, the NO had
2

been produced in the microwave discharge from impurities in the argon. The

inability to obtain useful concentrations of metastables by this technique -

was probably a result of the failure to purify further the commercial UHP

argon prior to flowing it through the discharge. In addition, the microwave

source is efficient over only a very limited range of operating conditions
7 7
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which may not have matched those of the early experiments.

A hollow-cathode discharge source was built to produce metastable
75,78argon. Most experimenters have used tantalum for the electrodes, but

other materials have also been found to be suitable. 7 8 ' 7 9  For the FAKIR

experiments, 0.005 inch aluminum shim was used for the electrode material.

The shim was rolled into a cylinder whose diameter was the same as the in-

side diameter of the glass tubing through which the gas flowed (13 mm). The

cathode (the down-stream electrode) is 40 mm long, the anode 15 -m long, and

the two electrodes are separated by 45 m. The discharge is operated in the

dc mode with the anode biased at +210 volts. A load resistor of 10 k

gives the discharge stability and limits the current. The current in the

present experiments is about 3 mA. For the discharge to produce metastables

efficiently, it is crucial to take some care with gas purity. A helical trap,

made from 3/8 inch copper tubing filled with 5R molecular sieve and cooled

to liquid nitrogen temperature, is placed on the low-pressure side of the

regulating needle valve on the argon line (argon freezes with a vapor pressure

of about 200 torr at liquid nitrogen temperature; thus, the trap must not

appear on the high pressure side of the feed line). These traps are adequate

for producing argon metastables down-stream from the discharge. The metas-

tables may be detected by the appearance of the characteristic reddish-violet

flame which obtains upon the addition of nitrogen down-stream from the dis-

charge. At the concentrations of N2 at the point of addition, -10 1 5 cm- 3,

the flame length is about 2 cm. This length is just governed by diffusional

mixing of the two streams of gas, since at these nitrogen concentrations the

collisional quenching times for nitrogen on argon are on the order of tens
27 -1of microseconds. Typically, the argon flow rate is -1500 umols s- , the

-1
nitrogen flow rate -250 umols s , and the flow-tube pressure about 1.5 torr.

When only the forepump is pumping on the flow tube, the flow velocity is
-1

about 1100 cm s at 1.5 torr, thus giving a resolution of 0.9 ms/cm along

the flow tube axis.

Spectroscopic observations made about 27 cm (27 ms) down-stream

from the Ar*/N 2 mixing region showed Vegard-Kaplan and nitrogen second-positive

emission. The spectrum is shown in Fig. 32. The Vegard-Kaplan emission is

completely free from interference from NO y-band emission, and shows that the

first three vibrational levels of the A 3 state of 2 are populated. The

-92-



relative populations of the three levels are approximately 100:53:38 for

v' = 0, i, 2, respectively. This is in contrast to the relative populations

reported by Stedman and Setser of 100:95:10 for the same levels, respec-

tively. 32,75 This difference may arise in part from differences in the

transition probabilities used to estimate the populations, from differences

in transit time from the discharge to the observation .egion, and from dif-

ferences in total pressure.

From the intensities observed in the spectrum, it is possible to

make a crude estimate of the number density of nitrogen metastables in the

flow tube. The number density is just the ratio of the fluorescence inten-

sity, corrected for collection and transmission losses in the detection sys-

tem, and the transition probability of the band of interest. The monochrom-

ator has an effective aperture of f/6.9, resulting in a collection efficiency

-3of 1.3 x 10 . Further losses in detection arise from transmission through

the flow tube wall (T = 90%), reflections off of four mirrors (T = 90% each),

grating losses (= 85% efficient at 260 nm) and photomultiplier quantum effi-

ciency (n = 20%). Thus the total loss of photons, the product of losses

from each optical component, the cQllection efficiency, and the quantum

efficiency, is = 1.3 x 10- 4 . The relevent transition probabilities have~80
been tabulated by Shemansky. The total density of nitrogen metastables

8 -3
in all vibrational levels is calculated to be about 3 x 10 cm . This is

72
about an order of magnitude less tha, the estimates from Setser's 

group;

however, their measurements were performed over a shorter flow time than the

27 ms in the present experiments. One expects some reduction in the N 2(A)

number density resulting from diffusion to the walls with subsequent deacti-

vation, and perhaps some quenching by impurities which were not efficiently

trapped from the gases. In addition, some uncertainty exists in the present

estimation of the losses in the detection system. More precise quantitative

estimates will be possible after the apparatus has been calibrated using
81

standard lamps and O/NO air afterglow.

The signal from the nitrogen second positive bands seen in Fig. 32

results in part from energy pooling of the N 2(A): 74,8284 reactions between

two N2 (A) molecules have been shown to produce excitation of the N 2C 3ut
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and perhaps C' 3R and B 3w states. The rate constant for the process pro-
u g

ducing the N C nt state, the upper level of the second-positive system, has
ben2 U -10 3 -1 7 4 and.6 1 0  3 -1 83,84

been reported to be 1.8 x 10 cm s and 2.6 x 1 0  cm s

Crude estimates of the second positive emission intensity expected in the

FAKIR system, based upon estimates of the N 2(A) state concentration, are

-- consistent with these values. It is difficult to make a very accurate

assessment of the energy pooling rate constant at this time however, because

some of the observed second-positive emission probably comes from scattered

light from Ar*/N interaction region.
2

It is clear from the spectrum in Fig. 32 that there is sufficient

Vegard-Kaplan intensity to allow kinetic measurements of N2 (A) reactions in

the FAKIR facility. Necessary modifications to proceed further with the

experiments are to provide a gas purification and handling line to allow intro-

duction of high purity gases in trace quantities. This is necessary to pro-

vide accurate calibrations of the sensitivity of the various methods outlined
9 -3

below for the detection of potential product species at the level of 10 cm

- In addition, it is necessary to calibrate the spectroscopic system so that

accurate determinations of the N2 (A3 u + ) number density will be possible.

C. Experimental Plans

The main goal of the FAKIR experiments is to determine the products

of the reactions under study and to determine rate constants for product

formation. These experiments are difficult because the products from the

N 2(A) reactions will appear at concentrations no greater than the initial

9 -3N2 (A) number density, approximately 10 molecules cm . Such sensitivity
is difficult to achieve in systems. Potential techniques for monitoring

expected signal levels are described below.

As mentioned previously, O( 1S) has already been observed in emission

as a product of reaction (51). A more precise determination of its relative

importance compared to other possible exit channels should be made, however.

If any atomic nitrogen is produced in the reaction, it cannot be measured

except by means of atomic resonance fluorescence in the vacuum ultraviolet.

However, if it can be shown that NO has been produced in the reaction, it
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can be inferred that nitrogen atoms are also a product. Since N(2D) reacts

rapidly with 02 to produce NO,
1 7 the NO yield from reaction (51e) will be

twice that from reaction (51d). The detection of NO at fairly low concen-

trations can be accomplished in a variety of ways: molecular resonance

fluorescence using either a microwave discharge lamp source, or a tunable

dye laser, operating on the NO y-bands in the uv, O/NO air afterglow inten-

sities resulting from the addition of known concentrations of 0 atoms in a
81

calibrated system, and NO y-band fluorescence excitation from electronic
3 + f ecr73,75

energy transfer from N2 (A Z ) sensitization. Because transition prob-

abilities of the NO y-bands are similar to those for uv transitions of OH

85-87
and NH, laser-induced fluorescence would be expected to provide similar

fdetection sensitivity for NO as it does for OH and NH. These latter two

radicals have been shown to be detectable at concentrations on the order of

a -3 88
10 cm or less by this technique. However, a tunable dye laser is not

available for the experiments. The O/NO air afterglow technique can pro-

vide detection sensitivities on the order of 109 cm 89 but this technique

is more difficult to use for detection of NO than it is for 0 atom detection

because conventional microwave discharge sources of oxygen atoms are usually

contaminated with traces of NO which complicate the measurements. However,

14 -3
- given initial concentrations of 0 atoms on the order of 10 cm , it may

be possible to monitor the buildup of NO formed in reaction (52d, e) pro-

vided the impurity NO emanating from the discharge can be kept below 109

-3
cm . The most sensitive and readily accessible technique, however, seems

to be excitation of the NO y-bands by energy transfer from N 2 (A).

The NO y-band fluorescence will be in steady state in the reactor

so that the NO* photon-emission rate will be proportional to the NO exci-

tation rate, i.e. Ick [NO] [N2 (A)] . The rate constant kex has been meas-

ured to be 1.5 x 10 cm /sec. Roughly 25% of the excitation will appear

as emission of the (0, 1) band.9 0  As mentioned above, the total fluorescence

is reduced further by a factor of 1.3 x 10- 4 prior to being detected by the
photon counting system. For concentrations of both NO and N2 (A) of 108 cm-3

,

the (0, 1) band is calculated to produce a detected signal of -50 Hz. As

presently configured, the counting system on the apparatus is capable of

detecting signals as low as 5-. Hz, we' below the anticipated signal.
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28
As mentioned earlier, Meyer et al have determined that one of the

products of reaction (52) is atomic oxygen. They did not, however, make

any quantitative estimate of yield. The O/NO air afterglow should provide

sufficient sensititivity to determine O-atom yields from this reaction, i.e.

a detection limit of about 109 atoms cm - 3 . If reaction (52e) is an important

channel, the product NO can be detected by NO y-band excitation from N 2(A).

Product N 20 from reactions (52c, d) will prove very difficult to measure.

It was suggested previously that N20 might be detectable by observation of

N2 first positive emission following photolysis of N20 by Kr resonance radi-

ation in the vacuum ultraviolet. In view of the difficulties of Young et

al91 and the failure of Okabe9 2 to observe the first positive emission from

* photolysis of N 20 with Kr resonance radiation, it would seem that this approach

would be marginal when applied to the detection of N20 at concentrations on the
10 -3 92

order of 10 cm . It would appear from the report of Okabe that NO $-band

fluorescence would be more intense than the N2 1+ emission following N20 photo-

lysis at 123.6 nm. Okabe estimates the quantum yield for NO a-band fluores-

cence to be only about a half percent. For an absorption cross section at 124nofaot1-17 2 91 9114-

m of about 10 1cm , a Kr resonance lamp flux
9 1 of about 1014 photons s-

10 , -band fluorescence will
and an N 0 number density of 10 cm ,<5 Hz of 8bn loecnewl

2
be detectable in the FAKIR facility. Thus, this approach is marginal at

best. However, sufficient uncertainty exists in the reports of Okabe 9 2 and

of Young et al91 so that an experimental test of this approach might be

warranted.

In summary, it appears that the 0 and NO product from reactions

(51) and (52) should be detectable in the FAKIR facility without serious

modification of the present apparatus. Nitrogen atoms should be detectable

if the apparatus is modified to permit the use of vacuum uv resonance lamps.

The detection of N20 product is marginal at best, even if the apparatus is

modified to give vacuum uv capability.

D. Preliminary Experimental Observations

Some preliminary experiments have been run in the FAKIR apparatus.

These have, for the most part, resulted in qualitative observations on appara-

tus performance and on the interactions of N (A) with 0 and 0. Preliminary2 2
conclusions which may be drawn are that 0 is a more efficient quencher of
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N 2(A) than is 0 2; O( S) is excited efficiently in the interaction between
N2 (A) and 0; and N2 (A) v=l is quenched more :apidly than N2 (A), v'=0.

Metastable nitrogen molecules decay exponentially in the flow

reactor. In the absence of added reagent, the decay is the result of dif-

fusion to the wall followed by quenching of the molecules by collisions with

the wall. If a quenching gas is added to the reactor in concentrations signi-

ficantly greater than the concentration of the metastable nitrogen, the decay

is still exponential. The change in concentration of N2 (A) as a function of

distance down the flow tube, and of reagent concentration Q is given as fol-

lows:

Xn= -(k + k z/- (53)w q

where, k is the rate constant for the bimolecular reaction of interest,q

k is the rate for first-order removal by the wall (this rate varies

inversely with pressure because it depends upon diffusion to the reactor

walls), v is the average flow velocity, and z is the effective distance from

the reagent inlet to the point of observation. If the decay of the N 2(A)

is measured as a function of distance down the reactor at fixed pressure

and [Q], a pseudo first-order decay is observed whose rate equals k + k qw q
[Q]. If one measures a number of pseudo first-order decay rates at various

[Q] but fixed total pressure, and then plots these decay rates versus [Q],

a straight line whose slope equals the rate constant, kq is obtained. Thisq
procedure is demonstrated in the pseudo first-order decays and second-order

plot of Figs. 33 and 34 respectively. The rate constant obtained from the

second-order plot for k52 is 1. 3 x 10 cm molecule s . This value must

be corrected by a factor of 1.6 to account for the coupling of the radial

density gradient of N2 (A) caused by wall removal and the parabolic velocity

profile of fully developed laminar flow,9 3 thus giving a corrected rate con-

-12 3 -1 -1stant of 2.1 x 10 cm molecule- s . This value is about 50% lower than

the values commonly accepted for k 2 , (see Table I). There is some curvature
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in both the first-order and second-order plots which combine to lower the

rate constant from the value which would be obtained by taking initial slopes.

We are currently investigating the causes of this curvature.

The triangles in Fig. 54 represent the decay rat,'s obtained when

the oxygen is discharged prior to entry into the flow tube. The dis-

charge creates some atoms, so that both oxygen atoms and molecules are present

in the reactor to quench the N2 (A). Clearly, the presence of atoms enhances

the decay of N2 (A). As we were not set up to measure atom concentrations in

that experiment, we cannot extract a rate constant for quenching N2 (A) by

atoms. In future work, this information will be obtained.

Shown in Fig. 35 is the decay for both N2 (A) v'=0 and V'=l as a func-

tion of [02] at a fixed reaction distance. These preliminary data show that

v'=l is removed about 50% faster by 02 than is v'0.

The variation in the 557.7 nm emission from 0( S) as a function of

intensity from the 0, 6 and 1,8 bands of the Vegard-Kaplan system is shown

in Fig. 36. These data show that the green line is indeed excited by energy

transfer between N (A) and oxygen atoms. A careful calibration of the spec-
2

tral system will allow determination of a rate constant for this process

(reaction (51c)) in future measurements.

The preliminary data presented indicate that the FAKIR facility is

capable of generating data of the quality necessary for the present program.

Future work should be aimed at resolving the few experimental difficulties

which remain, doing the careful calibrations necessary for the rate con-

stant measurements, and in performing the desired experiments.
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V. SUMMARY AND CONCLUSIONS

The primary study performed on the COCHISE facility was the examina-

tion of the NO infrared fluorescence resulting from the chemi-excitation reac-

tion between metastable nitrogen atoms and oxygen molecules. It has been
concluded that the observed NO vibrational populations were directly propor-

tional to the relevant chemical production rates; i.e., collisional and radi-

ational losses of vibrationally excited nitric oxide were unimportant during

the gas residence time. Therefore the relative rate constants for production

of NO in various vibrational levels could be defined from the data; it was

found that the average level of excitation of NO was -4.5 quanta, which would

correspond to -27% of the available reaction exothermicity if the NO precur-

sor was an N(2 D) atom.

It became evident during the data analysis that additional diagnostic

information would be valuable in developing a mechanistic interpretation of

the observations. Examples of such information would include concentrations

of N(2 D) and N(2 P) atoms and the absolute intensities of the infrared emission.

A possible method for implementation of a nitrogen lamp resonance absorption

diagnostic has been described and estimates of minimum detectable N(2 D, 2P)

concentrations have been provided. Furthermore, an examination of the COCHISE

optical system has also been undertaken and a crude estimate of the absolute

concentration of NO has been developed. The full development of an absolute

calibration must await a more detailed study which would specify the spatial

variation of both the radiation source and the local optical collection effi-

ciency over the volumetric field-of-view.

Preliminary measurements of NO first overtone band emissions and ozone

infrared chemiluminescence have also been performed. The NO overtone signal

exhibited effects due to underlying radiation from an unknown source at the

shorter wavelengths; nonetheless, the deduced NO population distribution at

higher vibrational levels was in agreement with that determined from NO funda-

mental band observations. The ozone chemiluminescence indicated a high level
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of vibrational excitation in the v3 band, and intriguing changes in spectral

shape and signal strength were observed upon variation of experimental para-

meters such as temperature and gas mixture. Additional measurements will be

required in order to elucidate the appropriate mechanisms responsible for this

behavior.

The last topic discussed involved a review of a flow experiment for

the study of the reactions between N (A 3 ) and oxygen molecules and atoms.
3 + 2 u

In this experiment the N (A Eu) molecules are produced through collisions
32 u

with Ar( P 0,2) metastables formed in a DC hollow cathode discharge in Ar.

Oxygen atoms can be created either via N + NO titration or by discharge of

02/rare gas mixtures. The primary purpose of the experiments is to deter-

mine the reaction products, and various ultraviolet fluorescence techniques

have been proposed as possible diagnostics. Emission from the nitrogen Vegard-

Kaplan bands is used as a diagnostic for the N (A3 E +) concentration. The
2 u

feasibility of the experiment has been demonstrated, and preliminary observa-

tions of N2 (A
3 Eu) decay have been analyzed to estimate the relevant rate con-

stants.
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- APPENDIX A

NO DATA ANALYSIS

-1) Experimental Data

Spectra of the NO fundamental band near 5.2 p m were analyzed for

experiments from series 335600 - 387700 (11/30/76 - 10/14/77). In all,

29 spectra with acceptable signal-to-noise were analyzed. Prior to the

spectral simulation procedure, all observed spectra were corrected for the

relative system spectral response by the appropriate black body calibrations.

Some spectra were also edited in order to remove occasional large transient

noise spikes which were clearly not associated with the observed infrared

*emission. No cases were included in the analysis where resolution degra-

dation occured as a result of signal amplification.

' _The observed spectra can be divided into three classes on the basis

of their structural features; each class corresponds to a different range of

- static helium pressure in the reaction cell. Representative experimental

spectra for these classes are shown in Figs. A-I #A-3. When no helium

-- is present in the reaction cell, the spectrum is characteristically broad and

exhibits little rotational structure (i.e., Fig. A-i). For the spectrum in

Fig. A-2, 3 mtorr of helium was present as a background gas; in this case,

considerable structure is apparent. This spectrum is characteristic of

-- those observed in the presence of low pressures of helium (1 - 5 mtorr),

except that the structure is enhanced somewhat with increasing helium pres-

sure. Spectra observed in the presence of relatively large amounts of

* helium (8 - 15 mtorr) exhibit very pronounced structure, as shown in Fig. A-3

for 10 mtorr of helium. Note also that the spectral intensity distribution

drops more rapidly at longer wavelengths than in the previous cases; this

indicates that in this case the relative populations of the higher vibrational

levels are considerably lower than those observed at lower helium pressures.

i -115-



-. N

s-AA

~ S *** Nit

A' .41ago

old.

N 0

Ii. A1Osre pcrm.o xeiet260

(seT bl -)

-16



r, - .5I_

CD

Moo Ip 0o| ,

'A'
ge% *Ii''

to 0---'
Al.

a I-.o

II'
do CD

-- AlISN31NI 3AIIV"I3U:

_ -Fig. A-2 Observed spectrum for experiment 287706 (see Table A-1).

i1



0I

Co

0 a
4P*

Fig. A O r s
( Table A-1).

9% * Ce.
• • • 9

• • . • • I • e 95I*. 44 9 * 4 .- 4 9 9

* *.. .9 *

* * C 99 4

C V.

'I. I I "

* 0O .1

, (;T9ue~l, T .,, ,'31 ,

Fi. A-.bsre spcrmf epeiet290

(see Table A-I).

-118-



2) Spectral Fitting Procedure

The direction taken in the spectral simulation analysis was to first

determine the sensitivity of the derived vibrational population distributions

to the parameters and fine details of the spectral match. When a systematic

approach to the parameterization was established, relative population distribu-

tions were obtained for all the spectra. These distributions were then com-

pared to determine the level of consistency and reproducibility of the experi-

ments. The ultimate goal of the analysis was to determine a relative popu-

lation distribution which was unaffected by collisions. A complete listing

of the results, with the experimental conditions and the derived relative

population distributions, is given in Tables A-I and A-I.

The variable parameters in the spectral fitting routine are the instru-

ment resolution (full width at half maximum of the triangular slit function),

the rotational temperature (assuming a Boltzmann rotational distribution),
and the relative populations of the ( = 1/2, 3/2 total angular momentum

states (which may be. either deterrrined by the rotational temperature or

varied separately). In general, reduction of the values of the resolution,

rotational temperature, or effective spin-state temperature gives rise to

an enhancement of the structure in the computed spectrum. Appropriate

- values for the resolution were determined by comparison of the calculated

and observed fine rotational structure under conditions when the overall

spectrum was well matched; in general, the apparent resolution was found to

correspond to 1. 30 - 1. 35 times the nominal value for a given slit width, as

determined from the angular dispersion of the monochrornator. For consis-

tency, this factor was applied throughout the analysis of the zero- and low-

helium data and the resolution was varied to achieve a fit only in the case of

the high-helium spectra. The only effect of increasing or decreasing the

re.;olution is to slightly decrease or increase the value of the rotational

temperature required to achieve a good match between experimental and
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TABLE A-I

EXPERIMENTAL AND COMPUTATIONAL PARAMETERS
FOR INDIVIDUAL EXPERIMENTS

Flows, Std A min Parameters of
Calculated Spectrum

Experiment Pie Ar N 0 T, K FWHM, a
Number mt 2 2P

335612 2 6 0.05 6 120 0.035 3.5

028706 0 3.6 0.4 4.0 180 0.035 3.6 -

028707 0 3.6 0.4 4.0 180 0.035 3.5

028708 3 3.6 0.4 4.0 80 0.035 3.1

* 028710 2 3.6 0.4 4.0 110 0.035 2.8

028711 2 3.6 0.4 4.0 120 0.035 3.5

032702 0 3.6 0.4 4.0 180 0.035 3.6

033702 0 3.6 0.4 4.0 180 0.035 3.4

033703 0 3.6 0.4 4.0 180 0.020 3.5

4 034702 0 3.6 0.4 4.0 180 0.035 3.2

034704 0 4.9 0.1 5.0 140 0.035 3. 1

034705 0 0 4.4 3.2 100 0.035 6.4

035702 15 3.6 0.4 1.5 40 0.030 2.3

035703 15 3.6 0.4 0.4 40 0.018 3.5

035705 8 1.0 0.25 o.6 40 0.035 4.3

257702 1.4 3.6 0.4 4.0 120 0.035 4.3

257711 12 3.6 0.4 4.0 60 0.018 4.6

269703 5 3.6 0.4 4.0 70 0.027 3.2

269704 4.5 3.6 0.4 4.0 70 0.018 7.4

269705 4.3 3.6 0.4 4.0 70 0.035 5. 1

269706 10 3.6 0.4 4.0 40 0.027 2.5
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TABLE A-I (Cont'd)

Flows, Std A miin Parameters of
Calculated Spectrum

Experiment PHe Ar N 0 T, K FWHM,
Number mt ATF

283707 0 3.6 0.4 4.0 180 0.027 5.5

283708 0 3.6 0.4 4.0 180 0.027 3.9

286703 0 3.6 0.4 4.0 180 0.035 4.2

286705 0 3.7 0.2 4.0 200 0.035 3.3

286706 0 3.9 0.1 4.0 180 0.035 2.9

286708 0 3.9 0.1 4.0 180 0.035 4.1

287705 3.0 3.8 0.1 4.0 100 0.027 2.3

287706 3.2 3.8 0.1 4.0 90 0.027 2.2

p °
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computed spectra (with no significant changes in the predicted populations).

Similarly, the spin-state temperature was found to have an insignificant

(< 10/o) effect on the "best-fit" relative population distributions, although

fits determined with finite spin temperature (equal population of both spin-

states) typically required a rotational temperature about 15 K lower than

those with equal spin and rotational temperatures. Structural features of

the computed spectra were not significantly different for the two cases.

For these reasons the spin and rotational temperatures were taken to be

equal throughout the analysis. The apparent rotational temperature was the
only parameter which was varied to fit the observed spectra for the zero-

and low-helium cases.

The computed matches to the spectra of Figs. A-i to A-3 are shown

in Figs. A-4 - A-6 respectively. In general, spectra with zero-helium

background can be matched using apparent rotational temperatures near

.180 K. As can be seen,a temperature of this magnitude provides extensive

overlapping of the spectra of different vibrational levels. Spectra with low

(I - 5 mtorr) helium background require temperatures near 90 K for a good

fit. High-helium spectra require very low (,- 40 K) rotational temperatures

to achieve a fit. In this case, because only a few rotational levels are

significantly populated, little overlap between the v + 1 p and R branches

and the adjacent bandcenters occurs. The quality of the computed matches

has a tolerance of, at most, about - 15 K for the temperature value; this

amount of variation has < 5% effect upon the derived population distribution.

The derived populations for the lowest lying vibrational levels are

affected by the presence of underlying background radiation near 5.2 .

This background emission decreases in intensity with increasing helium

pressure, perhaps due to collisional quenching effects, is present when the

oxyrgen counterflow is cut off, and is not present when the nitrogen flow

through the discharges is stopped (higher resolution scans, 0. 0008 m,

-124-



-. E r

L t

un Lii

C,...,,. -

Ui

- - *.

AJlSN31NI 3AtIIN71

Fig. A-4 Comparison of synthetic and experimental spectrum,
experiment 286706 (see Tables A-I and A-II).

-125-

S• ,



CO

2pi

J, &

LC)

ALISN 3LN I 3A I V 3

Fig. A-5 Comparison of synthetic and ekcperimental spectra,
experiment 287706 (see Tables A-I and A-lI).

-126-



0

C.) ;

A4!S04ujDA14eloA

Fig.A-6Comprisn ofsynheti an exprimntalspetra

exeimn 2676(e.Tbe - adAI)

-127-~



indicate that the spectrum of the background emission is similar to that of
2

an inverted TT hydrogenic molecule; however, the band center frequency

and rotational separation do not match calculated OH frequencies I)

In the zero-helium spectra t there are several sharp, experimentally

reproducible structural features between 5.4 pm and 6.0 Pm such that, while

each feature can be approximately matched by synthetic spectra with slightly

different temperatures, a close match of all the features at a single tempera-

ture cannot be achieved as it can for the low-helium case, cf. Figs. A-4

and A-5. This effect may be due to a non-Boltzmann rotational distribution,

however, the resulting + 15 K uncertainty in the "best-fit" teynperature

does nct affect the relative vibrational populations significantly. Simulation

of the high-helium spectra presents a special problem. In the synthetic

spectra, decreasing the temperature below 40 K causes an increase in

intensity near the bandcenter due to an increase in the relative intensity of

the low 3 lines which are unresolved from the Q branches. As a result, as

the temperature is lowered, the apparent vibrational structure decreases.

For this reason, a suitable match could only be obtained by decreasing the

instrumental bandpass towards the nominal dispersion value. However,

only five high-helium experiments have been analyzed, and trends in the

results have not been clearly established.

3) Relative Vibrational Distributions

The individual relative vibrational distr'ibutions0derived from the

spectral fitting procedure are listed In Table A-II,and are plotted chrono-

logically in Figs. A-7. Consecutive experiments tend to yield highly repro-

ducible results, but there are some systematic fluctuations over long periods.

Variation of the Ar, N., and 0. flows over the ranges 0 - 6, 0.05 - 4.4,

and 3.2 - 6 standard liter/mn. (reaction zone partial pressures 0 - 2.1,

0.017 - 1.6, and 1.1 - 2.1 mtorr) have no effect upon the observed
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distributions outside of these systematic fluctuations. Variation of the

static helium pressure up to - 5 mtorr also appears not to affect the observed

distributions, but the five high-helium cases yield significantly different

distributions both from the low helium cases and from each other. The high-

helium distributions were taken to be affected by collis.onal relaxation;

further interpretation must await a larger data base.

Average relative populations for the twelve zero-He spectra with
similar flow conditions (i.e., excluding experiments 335612, 034704 and

034705, cf. Table A-I) and for all 24 experiments with less than 5 mtorr

of helium are listed in Table A-Il and are plotted for the latter case in

Fig. A-8. The agreement of the values for the two cases to within one

standard deviation indicates that any effect of up to 5 mtorr of helium upon

the observed relative population distribution is undetectable within the

systematic scatter of the data (-. 2 76). The relative populations are likely

to be overestimated for v = 1 due to the effect of the background emission

near 5.2 pm-n. The relative population of v = 2 is underestimated due to

coupling with the v = 1 level which it spectrally overlaps. Attempts to

computationally remove the contribution of this radiation tend to reduce

the v = 1 population to about the same level as for v = 2 - 7. The relative

population of v = 12 should be considered to be an upper bound because the

spectral intensity is close to the background level. Additionally, some of

the spectra analyzed do not extend to sufficiently long wavelengths to include

radiation from this level, thus reducing the statistical reliability of the

deduced population.

The results of the analysis may be summarized as follows. As the

static helium pressure increases, the apparent rotational temperature of

NO decreases, as does the intensity of the background emission near 5. 2 Pm.

Spectra for helium pressures of 0 and 1 - 5 retorr have apparent rotational

temperatures near 180 K and 80 - 120 K, respectively, but give rise to
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TABLE A-III

AVERAGE RELATIVE POPULATIONS

N(v)/N(6), P =0 N(v)/N(6), P 0- m nt
He mt 1- He

V (12 samples) (24 samples)

1 2.0 A:0. 7 1. 8:Eu. 6

2 1.2*~h0. 2 1. 1 0. 2

3 1.0.+0.2 1. 0*0. 2

4 ~1. 2 0. 2 1 E0

10 0.93*L0. 1 0.3*E0. 1-

11 0. 3*h0.1 0.3*h0. 1

12 0. 2 L0. 1 0.2* 0. 1

The indicated uncertainty represents one standard deviation.
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indistinguishable relative population distributions. These relative distribu-

tions are virtually unaffected by uncertainties in the parameters used in the

computation.

REFERENCES

* 1. F. H. Mies, "Calculated Vibrational Transition Probabilities of OH
(X) J. Molec. Spectrosc. 53, 150 (1974).
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APPENDIX B

SURPRISAL ANALYSIS

1) General Description

Consider the exo-ergic, atom-diatomic, chemi-excitation reaction

A + BC -o AB(v) + C , (B-l)

having a total excess energy of E eV/molecule. The surprisal of the

observed population distribution of AB can be defined as1-4

I(fv') ln[P(f ')/P°(f ')] , (B-2)

Zv Plf ') = 1

V1
Z P°(fv') = 1

VI V

where P(f v ) is the observed relative vibrational population distribution and

P (f v') is the prior nonspecific population distribution. The fraction of the

total energy that is used for vibrational excitation is denoted by fv'. It can

be seen that linear plot of I(fv') as a function of f t implies that the reaction

obeys an exponential gap law

P(f') = Plf v') exp[- Xv (fv')]/e xp Xo (B-3)

In this instance the parameter Xv is a local measure of the deviation of P(f v)

from the prior distribution P (f ) and a given value of A is sufficient to
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characterize the entire f ' dependence of the observed distribution P(f ').v v
In this sense X plays the role of a temperature like parameter. A popula-

tion inversion corresponds to a negative value of X V, and thus a negative

"vibrational temperature". If X = 0, there is no surprisal regarding thev

distribution of available energy into the productsI vibrational states. As

will be shown, this implies that all final states are equally probable and that

the available energy is distributed among the products vibrational states

such that the entropy is maximized.

Since the prior distribution is a decreasing function of f ', a negative
v

value of X indicates that the observed distribution varies more slowly than
v

the prior distribution with respect to f '. This means that the reaction
v

dynamics of the system tends to use the available energy to excite higher

vibrational states rather than the lower ones, thus favoring a nonequilibrium

population distribution. On the other hand, a positive value of X • indicates
v

that the observed population distribution decreases more sharply than the

prior distribution. This implies a disinclination of the system to utilize the

available energy to excite higher vibrational states.

It should be noted that the interpretation of X as "vibraticaal tempera-
v

ture" differs from the usual definition of the vibrational temperature. In

contrast to the usual definition, appropriate for an oscillator in equilibrium

with an infinite heat bath, the present definition does not imply that P(f ')

must be a monotonic function of f '. Study of several chemical and inelastic
vvenergy transfer reactions have shown that even though P(f v ) has a definite

maximum, X v can be essentially constant. This is due to the fact thev
reaction products are limited to a finite number of quantum states,and thus

one has to consider the deviation of P(f v) from P°(f v) and not from the

density of states appropriate for an oscillator coupled to an infinite heat

bath.

-142-

Lam~--



Lastly it can be noted that the denominator in Eq. (B -3), exp X

can be interpreted as a partition function, i. e., since

.Pf* ) -- 1 
(B-i)

v1 =0

then by definition

V*

Qv Xf vpX = ' P°(f') exp (- Xv(f 1)) (B-4)

- VI

Z) Determination of the Prior Distribution

The prior population distribution is derived from the assumption that

at a given available total energy all final states are equally probable. This

corresponds to maximizing the entropy change of the reaction. Consider

the reaction of Eq. (B-1) where the product is a combination of an atom and

a diatomic. If the atom is in a definite electronic state, the only quantum

numbers for the products that can be resolved are the vibrational (v) and the

rotational (3) numbers of the diatomic. The total density of states p (E), of

the diatomic for a given available total energy (E) is then given as5

v 3 Mv

p(E) = 2 (23+ l) PT(E -EI) , (B -5)

v=0 J=O

where (2J + 1) is the rotational degeneracy factor (this factor appears because

the angular momentum projection quantum number M is not determined) and
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PT(E - EI) is the density of translational states for the translational energy

E T = E - E 1. The internal energy of the diatomic is E1 = F + E R  J (v) is

the highest value of J allowed by the conservation of energy at a given value

of E and v, and v is the highest value of v allowed at a given E. In the

vibrating rotor approximation

E = B hc J(J + 1) , (B-6)

whe re

B 3 - v+) (B-7)
v e e

and

E vhc [ -x (+ l)] (B-8)V e*

where we and xe are the vibrational constants of the molecule.

The prior distribution of vibrational-rotational states P (v,3J) can be

written as

0P (v, J) = (2J + 1) PT(E - EI)/p(E) . (B -9)

If one sums over all rotational states, one obtains the prior distribution of

vibrational states P°(v),

i j*

J(v)
P 0 (v) -- (23 + 1) PT(E - EI)/p(E) (B-10)

J=O
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In order to calculate PT(E - EI),it is noted that for plane waves, if

k is the wave vector, the density of momentum states in the space of k
-3vectors is constant and equal to (ZT)' . This is consistent with the ortho-

gonality and closure relations for ket vectors k>. 6

( k- k)

k -i i > =zI (B-11)

The number of states in the interval k, k + dk is therefore dk/(2T) * Now

if p(E) is density of states, p(E) dC2 dE constitutes the number of statesi2

whose momentum is in the solid angle On + dn and whose energy E p 2 /Zm

- is in the band EE + dE, thus

(TT = p(E) dO dE (B-lZ)
(2Tr)3

But

p ~(B -13)

and

-~ 2

dp p dp do (B-14)

the rofn re
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_ 3 _- 3 3 p(E) df)dE (B-15)

(2rr) (Zrh) (Zrrh)

or

p(E) = - -d- .- A(E)1/ 2  (B-16)
(2 rrh)

where A is a constant.

Substituting Eq. (B-16) into (B-10) results in

l'i: J (v)
!fl

p 0 (v) =(2 + 1)AT(E - E v - ER)1/2/P(E) (B-17)

3=0

Using the vibrating rotor (VR) approximation and replacing the summation

over J with an integration over E R results in

E A (E-E ER)1/2 (E- E 3/2

P (v) - f '(E) dE - "Bhc pE)
f v v
0

(B-18)

Since

aV

E1 P (B-1)

v=O
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p(E) is given as

v~V

(E) A 2 (E-E) 3/ (B-19)
E B hc3 v
v=O

Hence in the VR approximation

(-) 3 / 2  3 / 2

* * ( (B-20)
V V

v=O v=O

where f = E /E. Equation (B..ZO) was used to develop the prior distribu-V V

tion for NO used in the main text.
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APPENDIX C

Auroral Production of N(2 D) Atoms

As stated in the main text, the reaction between N( 2D) and

oxygen molecules can be an important source of vibrationally excited

NO in the aurorally excited upper atmosphere. The auroral production
2

efficiency for N( D) atoms will be defined in this appendix so as to pro-

vice estimates of the number of vibrationally excited NO molecules created

per ion pair in the E-region. Such predictions can later be coupled with

a vibrational relaxation model in order to predict upper atmospheric NO

vibrational band radiation signatures.

C-I NC 2D) FORMATION

The dominant mechanisms for the formation of N( 2D) atoms in

the aurorally excited E-region are presently thought to be dissociative
+

recombination of NO

NO + + e -a1 N(2 D) + (1 - al) N( 4S) + 0 , C-1

ionic interchange reactions between nitrogen ions and atomic and mole-

cular oxygen,

N2 + + a2 N2 D) + (1 - a2) N(4 S) + NO
+  C-2

22 4 +

N+ 0 2 a3 N( 2D) + (1 - a3) N( 4S) + 02 , C-3

and direct electron impact dissociation of N2 , encompassing the two

reactions

e + N 2 e + a4 N(
2D) + (2 - 4 ) N(

4S) C-4

and

e + N 2 e + a5 N(2 D) + (1-a) N(4S) + N+  C-5
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The available experimental information on the branching ratios for

reactions (C-1) - (C-5) is relatively sparse. The N(2 D) production

efficiency of reaction (C-1) has recently been measured in the lab-

oratory to be a1 = 0.76. There appear to be no laboratory measure-

ments of the branching ratios for reactions (C-2) and (C-3). Aero-
2

nomic estimates, based upon a kinetic interpretation of thermospheric
2 4-measurements of N( D) - N( S) emission at 5200 R, imply that a2 and

a 3 are near unity. The uncertainty in these estimates, particularly

in the case of reaction (C-3) (see below), could be large and laboratory

validation would be valuable.

There have been no laboratory measurements of the branching

ratios for reactions (C-4), (C-5) and aeronomic modelers typically

assume values of a 4 between 1 and 2 (see for example Refs. 2 through

4). Several recent studies may now be used to provide a firmer es-
2timate for the production rate of N( D) via reactions (C-4) and (C-5).

The first of these is a detailed theoretical study of Porter et al 5

of electron/proton energy degradation in air (79% N2, 21% 02). In

this analysis a painstakingly developed set of cross-sections for elec-

tron impact excitation of 0 /N were used to specify species produc-2 2
tion efficiencies in electron irradiated air. It was found in this

analysis that the production efficiency for the sum of N and N+ ions

rapidly asymptotes with increasing electron energy to 1.27/ion pair

in air where, after adjusting the predictions for radiative cascade

of highly excited nitrogen atoms to the ground or lowest metastable

states, the production efficiencies of N( 4S), N( 2D), N(2 P) and N+ are pre-

dicted to be in the proportion .59/0.43/0.09/0.16. Thus, the analysis of

Porter et al implies that approximately 1/2 the nitrogen atoms produced

by processes (C-4) and (C-5) will be formed in metastable states.

It should be noted that this result is specific to a 21% 0 /

79% N2 mixture, whereas the E-region atmospheric composition does ex-2i
hibit large ambient oxygen atom concentrations. An electron energy

deposition code developed by Peterson and co-workers6 was exercised
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to determine the potential effect of varying atmospheric composition

on the efficiency for production of metastable nitrogen atoms. The

most recent compilation7 of excitation cross-sections for 02, 0 and

N2 were used as input to this code, and energy allocation predictions

were performed for a range of conditions corresponding Co the composi-

tion of the standard atmosphere over the altitude range of 90-140 km.

The computer model used did not yield a direct prediction of the meta-

stable atom creation efficiency as output, but did provide relative

ionization rates. Interestinglyenough, it was found that for the al-

titude range considered the fractional production efficiency for N ,
9

+
and N varied onlyslightly, exhibiting an average value of approxi-

mately 0.75 per ion pair. Thus it may be inferred that the relative

production rates for metastable atoms predicted for room air will also

be reasonably valid for atmospheric conditions under which atomic oxygen

concentrations can exceed those of molecular oxygen.

Zipf 8 has recently combined laboratory observations with auroral
2data of N( P) radiative emission to provide estimates of 1.82, 1.38,

-16 20.7 and 0.61 x 10 cm for the relevant electron impact excitation

cross-sections for N( 4S), N( 2D), N(2 P) and N+ production, respectively,

at an electron energy of 100 eV. Scaling these cross-sections directly

for ion pair production in air results in predicted excitation efficien-

cies for N( 4S)/N( 2D)/N (2 P)/N + of .57/0.34/0.23/0.18 atoms, respectively.

Thus Zipf's analysis suggests that 0.57 metastable nitrogen atoms are

created per ion pair in close agreement with the prediction of Porter
5

et al, although this latter analysis predicts a large proportion of

the metastables to be in 2D configuration. Furthermore, the total

production rate of N and N+ as deduced from Zipf's cross-sections is

1.32 per ion pair again in good agreement with the analysis of Porter

et al.
5

In the present analysis all nitrogen metastables have been

treated as if they are in the 2D configuration. The effect of this

approximation on the following analysis is not anticipated to be large,

inasmuch as the only important auroral sources of N(2 P) appear to be
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reactions (C-4) - (C-5), and even for these reactions N( 2D) is predicted

to be the dominant metastable produced. Based upon the results dis-

cussed above, a production efficiency of 0.55 N ( 2D) atoms per ion pair

produced in air has been assumed for the direct electron impact dis-

sociation of N2 , reactions (C-4) and (C-5); this value is taken to

be invariant over the altitude range of 90-150 km.

From a modeling point of view, it is very convenient to discuss

N( 2D) production relative to the ion pair production rate, - qe and

thus the reaction efficiencies of processes (C-i) - (C-3) will also

be recast into production efficiency per ion pair in air. The positive

ions created in electron irradiated air -re dominantly those of atomic

and molecular oxygen and nitrogen; however, in the E-region a number

of ion/neutral charge exchange and interchange reactions occur on time

scales short relative to electron-ion recombination, with the result

that the primary E-region positive ions are found to be 0
+ and NO+

with NO being the dominant of the two in auroral regions4011 If
+ 2NO were the only positive, ion then the rate of production of N ( D)

via reaction (C-1) would be a, = 0.76 per ion pair. Since finite con-
+centrations of 02 will be present, the actual production rate will be

given by the quantity F1 a1 per ionpair, where F is defined by

F1 = (I + k O2/k NO+) C-6
1 a 2 b

where ka , kb are the rate constants for electron ion recombination of

0 and NO+ , respectively. Note that for the E-region will typically2 +
be near unity, both because the quantity 02 /NO+ will be less than one

and because kb v 2 k a. 11 The quantity F1 can be evaluated directly

either by using model predictions or, as in the present analysis, through

the use of measured profiles of ionic concentrations.

With regard to the ionic interchange reaction (C-2), approximately

75% of the ion pairs created in electron irradiated air are in the
+ 5 +form N2/N , and Porter et al predict that 0. 16 N are created per ion

2
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+ is05+e onpi.TeN
pair; thus the production rate of N2 is 0.59 per ion pair. The N

so formed will either react with oxygen atoms, reaction (C-2), or with

oxygen molecules via

++ + N C-7
2 2 2 2

Therefore the N( 2D) production rate per ion pair due to reaction (C-2) may

be specified by

F2 - 0.59 a2 (1+k 7  2 /k 2 0) C-8

i 0 -0 -0 4 4 c m 3 /

where k 2 and k7 have been measured to be 1.4 x 10 (T/300)-0.
12 i-1 300 3

sec (T < 1500 K) and 5 x 10 T- an3 /sec 1 3 (T < 900 K), respec-

tively. It is to be noted that the contribution of reaction (C-2) to

the total N( 2D) production rate is controlled by the properties of

the ambient atmosphere.

The last reaction to be considered, that between N+ and oxygen

molecules, reaction (C-3), does not significantly impact the analysis

in that there are only 0.16 N+ ions formed per ion pair in air. Reac-

tion (C-3) has another branch,

N+ + 02 - NO + 0 C-9

and the best experimental information (see Ref. 13) suggests that

branches (C-3) and (C-9) are equally probable. Since reactions (C-3)

and (C-9) represent the dominant loss mechanism for N+ in the E-region

the assumption that a3 is unity results in an estimated N( 2D) creation

rate of 0.08 per ion pair due to reaction (C-3).

C-II N( 2D) Loss

Once N( 2D) atoms are formed, they will subsequently either re-

act to form vibrationally excited NO via

2N(2D) + 02 - NO + 0 C-10
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or be lost by another means. Radiative decay of N( 2D) is negligible514

given the long lifetime of this metastable state, - 105 sec, and

furthermore, N(2 D) quenching by nitrogen molecules has been found to
15,16

be a relatively inefficient process. It appears that the only

other important E-region loss mechanism for N(2 D) atoms will be the

reaction

N(2D) + O - N(4S) + 0 C-ll

and consequently the fraction of N(2D) atoms which ultimately react

to form NO may be specified by

F = + kl0 C-12
NO k02

The room temperature rate constant for reaction (C-10) is well de-

fined having recently1 5 been measured to be (5.2 ± 0.4) x 10 1 2 cm 3/sec

a value in reasonable agreement with that determined in earlier17,18
studies. Furthermore, k1 0 has been found to exhibit a negligible

temperature dependence over the range T = 237 - 365 K.

The magnitude of the rate constant of reaction (C-1l) is more

controversial. Davenport et al. 19 in an experimental study deduced

that

k 1 4 x 10 - 1 2 e- 2 5 0 / T cm3/sec

where the activation energy was deduced from a limited data base span-

ning the temperature range of 31-400 K. In contrast tu this, Frederick

and Rusch2 performed a detailed analysis of the 5200 R (N(2 D) - N(4 S))
visible airglow data obtained on Atmosphere Explorer C and D during

both day and night conditions and deduced that the rate constant for-33
process (C-11) must be 4 x 10- 13 am /sec. Indeed they suggest that
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19
use of the rate constant of Davenport et al. would require the speci-

fication of a new, as yet unidentified, source of N( D) in the upper

atmosphere. Further studies of this rate constant will be required

in order to clear up this discrepancy.

C-III NO Production Efficiencies

It can be seen from the previous two sections that the ultimate

production efficiency for vibrationally excited NO will be a function

of both the neutral and ionic oomposition of the disturbed atmosphere.

For purposes of calculation a "typical" atmosphere has been defined

to have the neutral properties of the 1976 U.S. Standard Atmosphere
2 0

and positive ion profiles corresponding to those measured in a specific
10

" IBC Class II aurora (it is recognized that any given atmospheric

scenario could provide significant variations from these "typical"

properties however, it is not the purpose of this section to provide

comprehensive sets of predictions for atmospheric NO production rates).

The atmospheric properties so defined are listed in Table C.I. Also

tabulated are the predicted fractions of NC 2D) which will lead to NO

formation, Eq. (C-12). This latter quantity has been evaluated for the

values of the rate constant k1 1 given in Refs. 2 and 19, and as can be seen

the discrepancy between these two can be quite significant for alti-

tudes above 110 km.
!2

The N(2 D) production efficiencies calculated using this at-

mospheric model are listed in Table C.II. Both the individual contri-

butions of reactions (C-l) through (C-5) and their sum are provided.

It can be seen that the production efficiency varies only slightly,

between 1.30 - 1.58 per ion pair over a span in altitude of 50 km.

Also listed in Table C.II are the production rates for vibrationally

excited NO per ion pair via reaction (C-10); predictions are provided
2,19

for both values of the rate constant for reaction (C-11). Again

the disparity between these two sets of predictions becomes large at

altitudes above 110 km.
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APPENDIX D

EFFECT OF SLIT WIDTH ON OBSERVED BLACKBODY INTENSITIES

It has been empirically observed in past COCHISE measurements

that blackbody and chemiluminescence intensities varied roughly

as the 3/2 power of the spectrometer slit width (where the entrance and

exit slits are placed at the same settings). This observation is contrary

to the expectation that the observed intensity of continuum radiation should

vary as the square of the entrance and exit slit width. The purpose of this

appendix is to document measurements of intensity vs slit width at constant

- wavelength using the Electro Optics blackbody as a radiation source.

. I The results of four experiments are plotted in Fig. D-1. The in-

tensity scale is arbitrary and is different for each experiment. If the

intensity I varies with the slit width w as

IC.wm (D-1)

then plots of log I vs. log w, as shown in Fig. D-1, should have slope m.

The data of 4/78 was obtained by cycling the slit setting up and down

twice, thus generating four data points for each slit setting from 0. 1 to

3 mm; the other three experiments have only one data point per slit

setting. It can be seen that, although the reproducibility of readings is

usually excellent, occasional gross errors of as much as a factor of 2

in intensity can be obtained due to inadvertent misalignment of the entrance
a

and exit slits. Such misalignment will be reflected in spectral data as

higher apparent resolution.

It can also be seen from Fig. D-1 that the data exhibit a reproducible

transition from m 2 to m = 3/2 behavior at w = 1mm. The 3/2- power

-161-

-. 1-



111 I I0li
4to

ro4

________ 11.111 41111

9~~I 0WW 'LIP!MIrI

-162-



behavior for slit widths less than 1 mm is not understood, but it may be

related to grating illumination patterns or to a slight misalignment of

the spectrometer optical system at low temperature.

-163-



APPENDIX E

F-CENTER LASER PERFORMANCE CHARACTERISTICS

There exist three commercially available tunable laser sources in

the infrared (SWIR): metal-salt diode lasers, parametric oscillators, and

* -recently F-center lasers. Of these only the F-center laser (FCL) is capable

*of spanning the 2. 2 - 3. 3 prn spectral region. Diode lasers currently are

capable of operation only at wavelengths longer than 2. 9 gm, and at weak

(0. 25 mW cw) power levels in this region. Parametric oscillators operate

- in a pulsed mode, providing tunable radiation across the visible and out to

* 2. 1 gm. Peak powers approaching a watt are possible for Nd:YAG pumped

- systems, but frequency stability is poor, 0. 5 cm The lasing region of

- the F-center laser is especially interesting because the fundamental vibra-

tional transitions of OH and NH as well as saturated carbon bonds absorb

here. Additionally, overtone bands of CO. , NO 2 and CH 4 occur in this

bandpass. The FCL has output powers in the 3-30 mW range which will

permit accurate absorption measurements, fluorescence pumping experi-

ments, and laser induced reaction studies (including dissociation) to be

carried out. Future technological breakthroughs should permit expansion

of the lasing region to 0. 8 - 4. 0 pm. FCL's are commercially available

only from Burleigh Instruments Inc.

The FCL operates on a four level homogeneously broadened system.

The pump laser populates a level which rapidly decays non-radiatively to

the upper laser level (with a long radiative lifetime). Lasing occurs to an

excited level which rapidly decays to ground state (allowing cycle propagation).

In this manner a population inversion may be continuously maintained during

pumping. Operation is somewhat similar to solid state crystal lasers.

Doped crystals are colored with an impurity which when cooled, can be

readily photodissociated. These excited F-centers migrate through the

crystal to the dopant sites, forming the active lasing sites. Temperature

-165-

PA BRECEDJA P f yL



is kept low to optimize fluorescence quantum yields (minimizing non-radiative

losses from upper laser level). Reactivation is necessary once the crystal

has returned to room temperature. Repeated cycling should not result in

significant degradation of laser performance. No light should strike the

room temperature crystal, because F-center migration to non-active sites

will gradually reduce gain in the medium.

The laser cavity design is based on an astigmatically compensated

three mirror scheme which has found much use in visible dye laser work.

The pump laser enters the cavity through a beamsplitter and is focussed by

one of the folding mirrors into the crystal gain medium. The external align-

ment of the pump beam by steering mirrors is the ckitical alignment during

* isetup. Crystal height and angle is optimized by rotation of the cassette

which contains the three crystals which are necessary for complete spectral

coverage of the 2. 2 - 3. 3 prm region. Conversion efficiency in the crystal is

a nearly constant 30%,with the rest being degraded to heat or providing

visible output colinear with the IR radiation. The krypton laser 647. 1 ran

line will pump all three crystals, but pump frequency optimization at a given

IR output frequency must be performed in the lab. Other lines (568, 531 nrm)

pump the short X crystals more efficiently. Lasing occurs on a single

longitudinal mode; several modes may oscillate well above threshold, with

a mode separation of! 1I. 5 GHz (. 05 cm ). Frequency selection occurs at

the third optical element, a grating which couples its zeroth order out of the

cavity and its first order as feedback. In this arrangement with a retro-

flector, the angular dispersion of the output is minimized (1/4 milliradian

over entire region) and spatial position is kept invariant. Use of a temperature -

-controlled, piezo-electrically tunable, intra-cavity etalon permits a single

frequency operation. Etalon tuning results in discrete frequency jumps of
-1

0. 01 cm , continuous frequency tuning is achieved by varying the laser

cavity length (moving the folding mirror) while simultaneously scanning the
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etalon. The laser frequency width at any given time is'-' 1 vHz (3 x 10- 5 cm )

which is considerably narrower than Doppler linewidths. The necessary

optics and voltage drives have been purchased from Burleigh to permit

operation in this mode. A vibTation isolation table and a LW Spectra Physics

Krypton laser (amplitude stabilized) have also been purchased. Assembly

and check out of the system remains to be performed.
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"COHISE: Laboratory Spe:troscopic Studies of Atmospheric Pher.omer.a
with High-Sensitivity Cryogenic Instrcmentation"

John P. Kennealy and Francis P. Del Greco
* ~Optical Physics Division

Air Force Geophysics Laboratory
arsco= Air Force Base
Massachusetts 01731

George E. Caledcnia and Wilson T. Rawlins
Physical Sciences Inc.

30 Co-.erce Way
Woburn, M 018:1

Abstract

-. _The design of the COCH)SE facility, a ecogenic apparatus used for laboratory studies of high
altitude infrared excitation phenomena, is presented. The basic design concept is the extensive
reduction of thermal background radiation through cryogenic (20 X) cooling of the entire reaction
volume and detection system. Vibrationally excited rolecules (e.g., NO 03, CO) are foMmed in a low-
pressure ( - 3 mtorr) environ"Ient by interaction of a flowing reactant gas with discharge-produced
radical and/or metastable secies; the resulting infrared radiation is detected in the absence of
interference from relaxation and surface effects. A long-path optical system and cryogenic
monochromator permit high sensitivity for vibrationally excited species ( - 106 molecules cm

"3) 
and

excellent spectral resolution ( - 2 cm-1) over the spectral range 2-16 t.m. The design and operation
Of the facility are described in detail. Specific applications of the facility to investigations of
infrared atmospheric phenomena are also discussed.

Introduction and Desicn Concepts

The COCHISE facility at the Air Force Geozhysics Laboratory is a cryogenic apparatus designed
for partial si=ulations and detailed experimental studies of high altitude IN excitation phenomena,
particularly chemi-excitation and excitation transfer processes. Infrared emission spectroscopic
experiments designed to investigate gas phase excitation phenomens operating in the upper atmosphere
require: (1) high sensitivity to the relatively weak molecular radiation from the excited species
under investigation: (2) high spectral resolution to allow conclusive spectral analysis: and
(3) specificity to the excitation process under investigation, i.e., freedom from interference due
to radiative, collisional and surface relaxation processes. These conditions work against each other;
the achievement of condition (3) necessitates the use of low pressures and/or low product yields.
which results in low product radiation levels and increases the difficulty of achieving conditions
(1) and (2). Furtherore, the limitation of IR detection sensitivity by thermal background radiation
in the field of view severely inhibits spectrally resolved observations of IR radiation from
important atmospheric snecies such as 10, CO2, and 03. Previous IR chemiluminescence methods have
been hilhly successful in studies of chemiexcitation in hydrogen halides at wavelengths less than
- 5 inn. owever, these methods are usually limited in scope by the presence of room temperature
thermal background; for example, at 10 pm, the s;ectral radiance from typical vibrationally excited
species at a cclurin density of 10 cm

"2 
(representative of such experiments) is about nine orders of

magnitude less than that from a room temperature blackbody.

The improvement in IN detectivity due to a cryogenic background is shown in Fig. 1. Since the
liriting noise mechanism is the statistical fluctuation in the photon flux associated with the detector's
envirorment, the detectivity of the system is inversely proportional to the square root of that flux.
The results plotted in Fig. I are normalized to the detectivity at 293 K. Although considerable en-
hancement in detectivity is obtained with an 90 K background, the effects of background radiation can be
virtually elirina;ed by cooling the entire simulation chamber and detection syster. to temperatures
belew 43 X. As a further benefit of cryogenic tenperstures, rapid cryopuwping of atmospheric gases
can be attained near 20 K. and radiation leakage frem the external vacuum system can be eliminated by
co~lete optical isolation of the reaction/deteztion system during the experiments.

The coCHiSr facility is designed to take full advantage of the benefits of cryogenic operation.
The exp-erimental dire-ticn taken in the develo;-cnt of the COCHISE facility has been to reduce the
tenperature of both the reaction chmm er and the spectroscopic system to - 20 X to gain the advantages
of cold background and cryopunping. A state-of-the-art infrared detector an! a cr-Yogenic scanning
mcnochrctmatcr are :cplel to a long-path reacticn cell to allow spectrall[ resolve! detection of IN
ra~lAt/cn (:-;2 .) fron emitting species at ccn:entrstizns as low as 10 molecules cs-

3
. The

techri nes of !is:harge flcw and arrested relaxation are combined to allow mixing of the reacting
spe:ies in the f!el of vie, at stedy-stite pressures near 3 mtorr, ruch th-: the excited pro dcts
are f!rnad and ctse:vcJ unz'r rearl' sinql col:sicn 7onniitcrs. The hi;n-speed cryopu-ping 0! the
reactin ,'essel renoves the ex:itei epec:es fnct 'e fiel! of view of the detection system before

-169-

" PAGE BC-NOT IU6



native or ccillsioral relaxation car. occur, and elinates comkplicatcns norrally encountered due to
tac -di!fusion o0 s5.ecies after c€llisicns with : L±er surfaces.

The achievenen of the extreme thermal iaolation and sensitivity require t rts of the COC:SE
facility demandcd laboratory adaptations of techniques and infrared spectroscopic technology originally
developed for space arplications. The purpose of this paper is to describe the detailed design and
operation of the C.:HISE apparatus. In the following section, an overall description of the apparatus
will be given, followe! by more detailed descriptions of various key coonprents. In the final sectic,
some specific a2rlications of the facility to relevant atmospheric problems will be discussed.

Apparatus Description

A schematic of the entire COCHISE apparatus is given in Fig. 2. The reaction chamber and
detection sysen are enclosed within a cryo;enic thermal shroud, which is in turn enclosed by a main
vacuum char0er to provide theral insulation. All surfaces within the shroud, with the exception of
selected optical components and reagent gas lines, are held at temperatures near 20 K; this allows
rapid cryop.:-ing of all reagent and background gases except He and H2. The reagent gases enter the
reaction cell throu;h four sets of opposing jets (see also Fig. 3) and interact along the centerline
of the cell. the resulting radiation is collected by a mirror and lens, and focused onto the entrance
slit of a grating nonochromator system. The data processing, temperature control, and system house-
keeping are performed by an external cor.puter. The various components of the apparatus are described
in more detail below.

Thermal isolation and control system

The cryogenic portion of the apparatus is thermally isolated inside a cylindrical main vacuum
chamber ' 3 m long and - 1.5 = in diameter (cf. Fig. 2)1 the thermally insulating vacuum enclosure is
" intained at - 10- atm by a conventional L.:2-baffled diffusion pump system. The light-tight aluminum
shroud, ' 1.25 m in diameter, is surrounded by a multilayer thermal blanket of aluminized mylar in
order to provide insulation from the 300 X thermal radiation of the outer wall. The shroud, reaction
cell, and detection system are cooled to - 20 K by a closed-cycle gaseous helium refrigeration system
(Cryo;enic Technology. Inc.). Component terperatures are ronitored and controlled to within ± 0.5 K
in various locations by sensors and heaters which are coupled to a PDP-8/E computer (Digital Equipment
Corp.). Ali of h services for the experimeots, e.g. cryogenic coolant, microwave power, reagent gas
flows, and diagnostic instrumentation, are introduced through a number of access ports; all diagnostic

". and control devices are mounted externally. The thermal system thus permits operation under a wide
I range of conditions for a variety of applications.

Reaction cell and reagent gas lines

A schematic of the reaction chamber is given in Fig. 3. The copper reaction cell is cylindrically
sym etric. 60 cm long. 40 cm in diameter, with 2 co thick walls, and is designed to have a surface
temperature uniform within : 0.1 K so that the cryopumping speed can be carefully controlled. The
reagent gases are metered into either the discharge sidearms or the opposing counterflow sidearms
through a two-stage heat exchanger. Up to three gases can be mixed prior to introduction to the
discharge cavities; two gases can be separately mixed for the counterflow. Reagent gas temperatures
downstream of the heat exchangers are usually maintained at 00-100 K.

Just prior to entering the reaction cell, gases in the sapphire discharge tubes are ionized,
dissociated, and internally excited by four modified McCarroll-Evenson

2 
microwave discharge cavities

(Ofpthos Instruments) powered by Raytheon Pr'-10 power supplies (2450 MzHs. 100 W). Typical operation
is at 50-90% of naximum power with duty cycles of 100% or 50% at 25 Hz, creating steady-state conditions
while the discharges are on; all four discharges are driven by a single pulse generator to insure
synchronous operation within a few microseconds.

Flow conditions in the reaction cell have been modeled for a range of experimental conditions
3 .

Briefly, the reagent gases undergo free expansion into the reaction cell and interact in an asisymmetric
stagnation region along the centerline of the cell, gas density variations along the cell axis are
predicted to be < 10%. Pressures in the sidearms and raction zone, as determined by an MKS ratron
capacitance manometer, are -1 torr and - 3 mtorr, respectively, for a typical total flow rate of
- 8 standard t/min. The corresponding gas residence times are - 2 masec from the discharge cavity to
the expansion region and - 0.3 msc within the field of view.

The chemkil=kr.es-,!nt reactions occur primarily in the stagnation region where the opposing flows
meet. The resulting 1, radiation is viewed by the detection system through a 3' f/7 AR-coated Ge lens;
the resulting field of view is roughly colzn.nar along the cell axis such that only radiation occurring
within - 4 cm of the axis is observed. A polished At mirror at the far end of the cell enhances the
collection efficiency of the system. The spectral response of the optical system is routinely calibrated
with a variable tenperature blackLody source inbedded behind a small aperture in the center of the mirror.
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S:e:tral detectict svste"

The detection system is isolated from the reaction system by an At bulkhead with a 3" A.-coted
Ge window in the center. Radiation from the reaction cell passes first through one of a series of order-
sorting filters deployed by a sclenoid-driven rotating filter wheel, then through an optional 25 Hz
tuni.g fork chopper (A-ericen T ine Products, Type L40), and finally into a cryogenic grating monochromator,
where it is dispersed and focused onto a liquid helium cooled detector.

Crvogenic nonochromator. In the selection of a cryogenic spectrometer system for the COCHI E
facility. a scanning grating ronochromator proved to be the most straigntforvard, reliable, and
economical approach which would satisfy the sensitivity requirements of planned experiments. Bec3s
great difficulty was anticipated in achieving the requisite twelve order-of-maqnitude reduction of
thermal background flux on the detector, in this application it was felt that the multiplex advantage
of Fourier spectroscopy might exacerbate those problems more than it would improve sensitivity. The

- instrum.nt chosen was a 3.5 m asyr:etrical Czerny-Turner system (Minuteman Laborator-es 0305 CM),
constructed on an Invar frane to minimize defocusing and distortion at low tenperatures. Independently
adjustable entrace and exit slits are 2 cm tall and can be varied from 0.1 to 3.0 = in width. The
entire assembly is housed within a light-tight At enclosure and is held at - 2C K during normal operation.

Two interchangeable replica gratings are employed. For wavelengths below 8 wm, a grating blazed
at 3 11m with 153 lines/r:n allows a nominal first-order reciprocal dispersion of 0.013 ;Am/re, in the exit
slit plane: for longer wavelengths, a grating blazed at 10 im with 75 lines/mm provides a reciprocal
dispersion of 0.027 o,'-m. Thus, for a slit width of 0.5 mm, the resolution element is - 2.6 cm"

1 
at

5 '_m and - 1.4 cm"
1 

at 10 .m. Both gratings are 6.4 cm square, which gives tne instrument an aperture
ratio of f/6.9.

* Cryogenic infrared detector. The IR detector an! preamplifier are housed in a single package.
The detector element is an arseic doped silicon cube, 3.0 mm on an edge (Santa Barbara Research Center);
an f/0.25 parabolic reflector behind the cube permits collection of virtually all radiation passing
through the moncchrcmator exit slit. The conti;uous preamplifier unit CElectro-Dynamics Laboratories,
Utah State University) utilizes an integrated JFrT operational amplifier (Burr-Brown 3521 R) in a
direct-coupled negative-feedback operational scheme that has previously been successfully applied to
ultra-high irpedance cryogenir detectors.

4  
The detector is maintained at 5-7 K through thermal

strapping to an internally locate4 externally filled liquid helium vessel, while the pre-amplifier is
-intained at 203 K by a proportional control system; under th-se conditions, the detector is sensitive

' to 1.2-22 _% radiation and has a peak Noise Equivalent Power of -10-
1 

W/Hz

0 Signal processing. The detector output is processed by synchronous phase-sensitive detection
to discriminate against random-phase background noise. The radiation reaching the detector is
modulated either by pulsing the microwave discharges with a SO% duty cycle square wave or by using the
tuning fork chopper with the discharges operating CW: the pulsed discharge method has the advantage of
discrimination against stray radiation which is not directly linked to species produced in the discharge
plasma. The chopper is primarily used to modulate the radiation from the internal blackbody source
during calibration measurements.

The ac detector output passes through a bar.dpass amplifier (PARC Model 113) and into a lock-in
amplifier (PARC Model 124) which is synchronized either to the chopper pick-up coil or to the external
pulse generator used to pulse the microwave dishcarges. The final demodulated signal is digitally
filtered, displayed, and stored in real time by the PDP-S/E computer. The combination of grating scan
rate, electronic time constant, and digital filtering rate for a given spectral scan is carefully
chosen so that there are at least seven averaged data points and three electronic time constants per
spectral resolution element: these criteria ensure that the apparent spectral detail is indeed
limited by the imatrunent resolution.

Applications

The spectral responsivity of the COCHISE facility, as determined from calibrations with the
internal blackbody source, is plotted as a function of wavelength in Fig. 4. A detailed absolute cali-
bration of the system geometry is extremely complicated due to radial variations in both the optical
collection efficiency and the concentrations of emitting species. As a result, the absolute
responsivity values indicated on the ordinate of Fig. 4 were estimated for on-axis radiation only,
and thus represent upper limits which are probably within a factor of two of the true values. The
relative responsivity shown in Fig. 4 is accurate within - 30% over the entire wavelength range.
For a molecular species with a band width of - 0.24 Um and a transition probability of -10 sec"

1

(typical values for the scecies encountered in these studies), the detection limit (S/N - 1)

corresponding to a responsivity of 105 volt/watt cm"
2 

Sr"
1  

-
1 

is approximately 3 x 106, 1.5 x 106,
and 0.9 x 102 wlecules cm"

3 
at 2.7, 3.3 and 10.6 wm, respectively: thus the ultimate detection limits

indicated ty Fig. 4 for such species are - 1 x 107 molecule cm-
3 

near 3 im, - 2 x 10
T 
molecule cm"

3

near 5 i, and 1 x 106 molecule cm"
3 
near 10 in.
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The versatility o. the apparatus is illustrated by the spectra in Figs. 5 and 6. Fig. 5 shows
C) ('v - 1) s'ectr, :zcr... when a discharqed N2/Ar rixture interacts with a counterfloving CS/02

Th. r .,,,Iur. is "onplotely revlv-i, with contr!baions eviient from at !east
ti'e vibrationaL levels, ard even the rotatioral structure is partially rsolv.1.

3

Fig. 6 shcws an. 03 V3 - band spectrum observed from the interaction of a discharged 0 2 /Ar mixture
with counterflowing 02. Although emission from the first vibrational level is the dominant feature,
contributior.s from higher levels up to v - 6 are evident at longer wavelengths. The 03 emissions
observed in the COCHISE facility represent the first sprtcrally resolved observations of the higher
vibrational levels of 03.5

Similar measurements of radiation from che*miexcited NO have been carried out at 5.4 *m6 and at
2.7 ;m. Infrared chemilu-inescence from NO and 03 are processes of fundamental interest in the under-
standing of the radiation balance of the upper atmosphere.

7 
The unique capabilities of the COCHISE

* facility permit detailed investigations of these processes which would be impossible to perform on a
more conventional, non-cryogenic apparatus.
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L INTRODUCTION

The purpose of this study is to provide a preliminary evaluation of

the potential for remote monitoring of tritiated molecular species in the

atmosphere through use of optical techniques. The tritiat-d species of

specific interest to this analysis are limited to IT, HTO, CT4 and CT H

The effort provided to develop this evaluation was broken into two distinct

parts; (a) a review of the optical properties of the subject species and,

(b) an examination of the manifold of remote monitoring techniques.

One requires both spectroscopic and radiative data in order to

properly specify the optical properties of a molecule. The spectroscopic

constants are used to determine the spectral position of allowed transitions

- whereas band and/or line strengths are required in order to specify the

*magnitude of the radiative emission or absorption of the transitions. A

detailed literature review was performed in order to define the data base

for the spectroscopic/radiative properties of the relevant tritiated species.

The reference sources utilized included the files of the Defense Documenta-

tion Center, Physics Abstracts back to 1937, Chemical Abstracts to 1970,

the Science Citation Index and texts and other sources available at the*

libraries of the Massachusetts Institute of Technology and the Air Force

Geophysics Laboratory. Reference was also made to bibliographies of

EPA publications and inquiries were also directed to relevant organizations

such as IRIS. DASIAC, etc.

The results of this review are presented in Section II. As will be

seen little information on the infrared bands of the subject molecules was

available. Because of this a variety of isotopic scaling laws/relationships

were employed to specify the desired molecular properties. Details of

these analyses may be found in Section IL

-cL7q-



Once armed with the spectral properties of the molecules, a review

of remote monitoring techniques was undertaken, It became evident rela-

tively early in the program that the subject molecules did not possess any

ground state bands/transitions which fell in the near ultraviolet or visible

portions of the spectrum and thus emphasis was placed on remote monitor-

ing techniques which would utilize the infrared vibration/rotation bands of

*the molecules. (This of course did not preclude the use of visible radiation

sources inasmuch as Raman scattering was considered as a potentially

viable technique.)

A variety of monitoring techniques both passive and active, double

and single ended were considered in some detail. Each technique was

applied to a specifir monitoring scenario in order to define the minimum

detectable concentrations of the subject molecules which could be monitored

using available, "off the shelf" detection equipment and generic collection

optics. In this manner an optimum monitoring technique was determined.

The details of this analysis may be found in Section III.

The summary and conclusions of this study may be found in Sec-

tion IV. Also presented in this section are recommended verification

steps to be taken prior to final development of a remote monitoring pro-

gram. Lastly, if the concentration of tritiated species to be determined

is below minimum detectable levels (i. e.; by remote monitoring); it may

be required to "capture" a gas sample for later laboratory analysis.

Therefore, a brief review of the capability of various laboratory spectro-

scopic techniques is also provided.
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II. SPECTROSCOPIC/RADIATIVE DATA

The vibration-rotation energy levels of any molecule can be

expressed as a power series in the vibrational and rotational quantum

numbers. The coefficients appearing in these expansions are determined

most accurately from experiment. For diatomic molecu.les these para-

meters are: the harmonic frequency We; the anharmonicity constants

W e x eW eye, etc; the rotational constant Be, De, etc; the vibration-rotation

interaction constants mae, Pe, etc. Polyatomic molecules have analogous

sets of constants for each normal vibrational mode; and often have addi-

tional constants that take into account perturbations of the energy levels

arising from Coriolis interactions; Fermi type resonances, etc.

Each vibrational level has associated with it a set of rotational

levels. The set of transitions between rotational levels of two different

vibrational levels comprises a particular vibration-rotation band. There

are three different possible branches or kinds of transitions within a band

depending on how the rotational quantum number J changes. A transition

in which J decreases by I (AJ = - 1) is said to belong to the P branch.

These transitions occur at lower frequencies then the band center frequency,

V 0 . Lines belonging to the R branch have AJ = 1 and lie at frequencies

higher than v0 o The Q branch contains those transitions for which AJ = 0

and consists of very closely spaced lines, all at nearly the same frequency

V0 0 All bands contain P and R branches but not necessarily a Q branch,

whose presence is determined by conditions involving the change of elec-

tronic and/or vibrational angular momentum. The situation is schemati-

cally illustrated in Fig. 1.
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right; v and 3 are the vibrational and rotational quantum numbers.
For clarity, the rotational spacing is greatly exaggerated relative
to the 1-0 vibrational spacing.
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The intensity or strength of a spectral line or band can be deter-

mined experimentally using the relation1

S - - In(Io(v)/I(v))dv (1)

Here S is the intensity in units of cm/molecule, V is the frequency in units
-1

4 of cm , I and I are the incident and transmitted radiation fluxes at v, n is the
3number density (molecules/cm ) and £ is the path length in cm. The integral

is to be performed over the extent of the line or band. We will use the

symbol S to denote both the line intensity and the band intensity; its mean-

ing will be clear from the context. An equivalent, practical definition of

the band intensity is the sum of the intensities of all the lines in a band.

- Regarding the theoretical foundation for S, the important point to

. note is that S is always proportional to a characteristic frequency w and

- to the square of the dipole transition moment 2 (explicity defined later)
2which measures the strength of the transition: S cx w . More explicit

- theoretical formulas for S will be given later as needed.

The effects of isotopic substitution are several-fold. First, the

frequencies of the fundamentals will shift to greater or lesser extent.

This effect can be very large when D or T is substituted for H. Second,

in many instances the full symmetry of the original molecule will be de-

stroyed. As a result, degeneracies of vibrational bands may then be

removed and previously forbidden bands may become allowed. Finally,

the original allowed bands will often chknge in intensity from isotopomer

to isotopomer, even for molecules of the same symmetry. This effect,

however, is usually not very pronounced - the changes are generally less

than an order of magnitude.
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We can illustrate these effects using the molecules of interest in

this report: As will be explained later, both HT and HD (Tables I - III)

only have (very weak) infrared spectra at all because of isotopic substitu-

tion; H 2 is totally inactive in the infrared under normal conditions.

Isotopic shifts in frequencies for these molecules are pronounced.

For water and its isotopomers (Tables IV - VIII), all three funda-

mentals are infrared active, so the principal effect is the change in fre-

quencies of the vibrational bands from isotopomer to isotopomer. Perhaps
-1the most significant of these is the large separation (1000 cm ) of the v1

and v bands of HOT and HOD compared to the partial overlap of the same

bands seen in HOH, DOD and TOT. Also worth noting is the increase in

intensity of the vI band for HOT and HOD compared to that in the fully

synxnetric molecules.

In the methane series (Tables IX - XfI), the fully symmetric iso-

topomers show large frequency shifts, but only small changes in intensity

for the various bands. By contrast, the spectrum of CH T 2 compared to

that of C H4 is replete with striking examples of isotope effects. In CH 4 ,

the totally symmetric vibration v 1 is infrared inactive; the v 2 vibration is

doubly degenerate but is only weakly allowed through a Coriolis interaction

with v 4; both the v3 and v4 vibrations are triply degenerate and are strongly

infrared active. In CH TV on the other hand; only vZb is still inactive;
2 2'

the other bands are moderately to substantially split demonstrating the

removal of degeneracy because of the lower symmetry of CH2T2 . Many

bands also show a considerable shift in frequency, and all are roughly

comparably strong in intensity.

More examples of isotope effects and a deeper treatment of many

of these topics can be found in the useful survey of Pinchas and Laulicht. 2

In the following sect-ions, the existing data base for the molecules of interest

is summarized and necessary theoretical details are presented.
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A. Hydrogen Isotopomers

1) Spectroscopic Constants.

Energy levels for a diatonic vibrating rotor, HT is this case, can be

calculated from the formulae 3

E(v,J) G(v) + B(v)J(J + l) + D(v)JZ(J + 1)2 + .... (2)

12 13 14

G(v)=w -Wexe(V eeV+ +weZe(V+y) +P .+ . (3)ev 2 eeei +eyv

1 12
B(v) = Be - e(V +.I+ y(v+) + ... (4)

D(v) = D e+ e5(V +)

where v and J are the vibrational and rotational quantum numbers respectively.

In the absence of experimental values for the spectroscopic constants

of HT, theoretical estimates were made using standard isotopic scaling rela-
3 4tions and very recent values for H 2 . These are listed in Table I, which

also includes, for comparative purposes, some results for HD. In making

these estimates, possible small differences betweeii the Dunham coefficients 5

and the more familiar constants used here have been neglected. The limita-

tions of the isotopic scaling relations make it unlikely that HT line positions-1
calculated with the constants in Table I are reliable to better than +0. 5 cm

This uncertainty will increase with higher v and J values.

The line positions for HT were computed from the formula3

2~,)m 3
V V + [B(v') + B(v")m + [B(v') - B(v")]m - 4D m , (6)

where the band center v 0 is given by

0= G(v') - G(v") , (7)

-185-



and m 3 + 1 for the R branch and -J for the P branch. Values of the fre-

quencies of the fundamental and first overtone bands of lId and IT are listed

in Table IL Individual line frequencie s may be found in Table II.

TABLE I

SPECTROSCOPIC CONSTANTS OF H2, liD, HT (cm )

Constant H2 HD8 IT*

W 4403.566 3812.29 3596.6

W eXe 123. 8573 90.908 82.622

.eye  1.87260 0.504 1.0203

WeZe -0. 173514 --- -0. 0772

Be 60. 8904 45. 663 40. 619

e 3.16997 2.003 1.727

Ye 0.155932 0.03972 0.0694

D 0. 046573 0.02667 0. 0207e

calculated
Other comparable values for liD can be found in Ref. 3, 13, 14.

TABLE II

BAND CENTERS FOR HT, HD (cm )

Species V. 0  V 2 0

HD 8  3632.15 7086.88

HT 3434.1 6710.3

*calculated
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2) Line Intensitites.

- In the absence of experimental work, we have estimated line strengths

for HT using measured dipole transition moments for HD reported by

McKellar 6 and a theoretical scaling argument due, in part, to Herzberg. 7,8

That HT and HD are very weakly active in the infrared can be under-

stood in terms of a breakdown of the Born-Oppenheimer approximation.

In any homopolar, unsymmetrically-isotopically- substituted diatomic

molecule the center of positive (or negative) charge and the center of mass

are no longer coincident. As the center of charge oscillates about its

equilibrium position, the electronic motion lags slightly in keeping up.

This phase difference in the motions of the positive and negative charge

centers produces a small polarity in the molecule which does not average

- to zero because of anharmonicity and vibration-rotation effects. Thus these

kinds of molecules have very small "permanent" dipoles and transition

- moments that are anomalous in their origin

Herzberg 7 ' 8 suggests that the intensity of the vibrational band of

J such a molecule will be proportional to the square of the separation of the

centers of charge and mass 6. Furthermore when the usual isotope sum

rule9 ':1 0 for intensities is applied to this case, the intensity ratio is found

to vary inversely as the square of the quotient of the harmonic frequencies
ND HT

We We Combining these two results, we obtain

H T U a(8 )
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where S is the band intensity,

m= -i 2 (9)

2(m I + M 2 )

and mI and m 2 are the masses of the appropriate nuclei.

We can deduce this result for the intensity rat,:) from a somewhat

more unified point of view in the following way. The physical argument

given for the origin of the dipole moment and its change with vibration leads

us to postulate that the transition moment :01 will be proportional to the

expectation value for the deviation of the center of charge z from its equili-

brium value z ,i.e.;
e

01l <*o I(z  -ze) 1' " (10)'

where 0 and I are the wave functions for the vibrational ground and first

excited states. For our purposes it should be adequate to use Morse wave

functions for the anharmonic oscillator and ignore the vibration-rotation

interaction. It is easy to show that

Z - Z e = (r- r)8 (e1)

where r and r are the internuclear separation and its equilibrium value.

Then using the results of Heaps and Herzberg for < r0 ( r e >,we

find

* B 1/2
~r e 1  6(12)01 e (W
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With the isotopic scaling rule

- _
B W (13)

and the relation;
I2

S e 01 (14)

we obtain the desired result, Eq. (8).

Using the appropriate values of the masses and w a the ratio can

be found:

SHT =2 .(15)

SHlD

Bunker 1 , using a more fundamental, but complicated, approach for HD,

suggests that the ratio should be 1. 75, in good agreement with our simple

calculation.

Line intensitie s for ID, listed in Table m, were calculated with

the formula

.3 P
h - 23+1
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TABLE III

LINE POSITIONS,. INTENSITIES AND WIDTHS FOR HD, HT

HD I-IT

b SCx10 2 5  FWHMd x 103  v(cal)

Line a  (cm" 1) (cm/molecule) (cm" /amagat) (cm- 1)

1-0 Band P(3) 3355.37 0.679 3188.4

P(2) 3450.44 2.57 3272.7

P(l) 3542.93 3.90 3354.8.

R(O) 3717.53 8.29 (5.58) 8.6 . 1. 5 3510.6

R(1) 3798.45 12.5 (19.4) 3583.2

R(2) 3874. 36* 10.0 3651.6

R(3) 3944.72 4.20 (5.21) 3715.4

R(4) 4009.10 (1.04) 3774.0

2-0 Band P(1) 6997.67 1.10 6630.8

R(0) 7168.43 2.17 12.2 _k 2.0 6783.7

R(l) 7241.82 3.16 6850.5

3-0 Band R(0) 10445.47 0.555 15.0 3.0

R(1) 10511.46 0.733

4-0 Band R(0) 13551.07 0.245 21.5 :k 1. 5

a This notation is used to designate the P or R branch and the 3 quantum number
of the lower state.

b Frequencies are those of Durie and Herzberg 8, except for * values of
McKellar 6 .

c Calculated from McKellar's 6 results. Values in parentheses calculated from
results of Bejar and Gush 1 5 .

d Full width half maximum. Bejar and Gush 1 5 report a Doppler broadened
line width of 0. 026 cm-.
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using McKellar's 6 reported values for,?. In this equation v is the line

center transition frequency in cm" , m = J or J + I for the P or R branches,

and the fractional population of the J'th rotational level is given by

I (2J + l)e-(hcBe/kT)J(J + 1) (17)

where OR is the rotational partition function.

3 It is worth noting that the HD line intensities are 5 to 6 orders of

magnitude weaker than "normal" vibration/rotation line intensities.

Additionally, the constant Be for HT differs by only 10% from the value for

ID. Hence the rotational populations cf these molecules will be nearly

jidentical. In view of these two factors HT line intensities were estimated

simply as twice the value of the corresponding HD line intensity, rather than

from Eq. (16).

- 3) Line Widths.

McKellar also reports several measured values of line widths

for HD which can be used as estimates of HT lines. These values, however,

are representative of H2 broadening, not N2 broadening which would be of

greater value in atmospheric studies. The values are also listed in Table ILL

B. Water Isotopomers

1) Spectroscopic Constants,

Only a limited amount of data exists for the tritiated water species,

consisting principally of band center frequencies, ground state rotational

constants and quartic distortion constants. The only upper state rotational
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constants reported are for v 2 in TOT. A summary i presented in

Tables IV - VI. These data are not sufficient to permit estimation of line

positions to better than a few cm" .

2) Integrated Band Intensities.

Measured intensities for a number of bands of HOH and HOD are

summnarized in the AFGL Atmospheric Absorption Line Parameters Compila-
tion1 6 . Predictions of the band strengths for the fundamental bands of HOT,

HOD, TOT and DOD were made using these data in the manner described by.

Overend1 and outlined below.

At temperatures low enough to prevent any appreciable population

of upper vibrational levels, the following expression for the integrated

intensity of the vib-rotation band holdsl17

S2 3 (18)3hc

Here v is an "average" frequency for the band in cm , is the dipole

transition moment for the rotationle s a vibrational transition, and h and c

are Planck's constant and the speed of light respectively. For , we may

write more explicitly

~ ~ = ' t> (19)

where is the dipole moment operator and v *v' are wave functions for

the initial and final vibrational states of the transition.

It is customary to expand in terms of the normal vibrational co-

ordinates Q of the molecule:
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TABLE IV

GROUND STATE ROTATIONAL AND CENTRIFUGAL
DISTORTION CONSTANTS OF HOT AND TOT (MHz)

HOT TOT

A 677849.04:0.17 338810,92:0.08

B 198197.49*-0.13 145665.424-0.04

C 150462.41*0.13 100259.42!0.04

SA. 5. 212:0. 003 4. 146t0. 002

J-K 48.523*0.023 -22.039_0. 009

AK 271. 28--o.o6 144. 138:0.o006

8 1.41410.0o005 1. 6098:0.0007

8 51.33-0.07 5.441.0.011
K

Taken from Ref. 22-24 where additional constants can be found. Com-
parable values have also been reported in Refs. 25-27, Ref. 27 also lists
in cm "I rotational constants for the v2 state of TOT: A = 11. 982,
B =4.868, C = 3. 316.

TABLE V

VIBRATIONAL CONSTANTS OF HOT AND TOT (cm " )

HOT TOT

w 2367.90 2298.76

W2  1370.17 1015.84

W 3 3887.44 2436.91

X -29.20 -15.19

x 2 2  -10.71 -6.70

x33 -82.29 -17.81

x-2 -13.51 -6.14

x23 -19.04 -7.23

x13 -10.82 -60.25

Taken from Ref. 28. Some older w values can be found in Ref. 29.
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TABLE VI
BAND CENTER FREQUENCIES FOR WATER ISOTOPOMERS (cm-)

Species V1  V V3

HOH 16  3657.054 1594. 736 3755.924
HOD 1 6  2723. 687 1403.489 3707.459

DODa 2671.69 1178.33 2788.05

HOTb 2299.780 1324 3716.577
TOTC 2237. 154 995.37 2366. 605

a Taken from Ref. 21, p. 470.

b
vl and v 3 are from Ref. 25, v 2 is from Ref. 29. Using Table V and the
formula v2 = W2 + 2X 2 2 + 1/2 X 1 2 + 1/2 X2 3 a calculated value is 1332.5 cm " .

c and 3  Reference 30. v 2 : Reference 27.
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0 + (20)

a 6a

0where is the permanent dipole moment. Within the harmonic oscillator

approximation we may combine Eqs. (18) - (20) to obtain

Lobt i 
2

2,Q ( (21)3c 2 1Oa

for a particular vibrational band. In obtaining Eq. (21) we have also put

v = w an approximation which is well justified in the context.

The experimentally measured S values for the v,, v2 and v 3 funda-

mentals of H2 0 were used to evaluate the /bQ a. The signs of these

derivatives were chosen to correspond with those of Clough et. al. .

These derivatives are unfortunately not invariant with isotopic substitution.

However they may be related to dipole derivatives with respect to the

valence coordinates R. These latter derivatives may be determined using

the equation

a )ai(2 2)

which follows from the chain rule and the relation between the Q and R

coordinate s

R =L Q (23)
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In Eq. (22), a refers to a particular component (x,y, or z) of the dipole

moment. Crawford 9 has shown how to relate bPC/bRi for two different
isotopomers whenever a so-called "rotational correction" is required.

His results have the form

\()-(R1- . o a') (24)

Here the x component of the vector a. is defined as

A(2)) () ))(25
,,. li ,. "li " t'ix "

With the correspondence (2*- y), (3 E--z) holding, similar relations define

the y and z components of a.. In Eqs. (24) and (25) the superscripts (1) and

(2) refer to different isotopomers; the k and A matrices are discussed

further by Crawford. 9

The (bp X/bR) are reassembled for use in Eq. (24) by means of

the inverse equation

Ea 0) L (26)
Qa ( (i)

where, of course, the L matrix for the appropriate isotopomer must be

employed
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This entire procedure is summarized as follows:

a) Determine (ft C /Q a) from experimental S values for H 0

via Eq. (21).

b) Determine (b a/Ri) from (b/bQ a ) via Eq. (22).

c) Determine (6g./bRi) for different isotopomers via Eq. (24).

d) Calculate S using Eqs. (21) and (26).

The a and L matrices needed for these calculations (as well as the harmonic

frequencies used below) were obtained from S. A. Clough. 19 The results

of these calculations are presented in Table VII, In the case of HOD, the

calculated and measured values compare very well.

TABLE VII

INTEGRATED BAND INTENSITIES FOR WATER ISOTOPOMERS

S x 101 8 (cm/molecule)

Specie s V1  V2  V3

HOHa 0.362 10.6 7.99

HODa 2.24 8.97 5.0

HODb 2.13 9.09 4.64

DODb 0.340 5.64 4.86

HOTb 1.78 9.17 4.78

TOTb 0.361 3.97 3.85

aMeasured, Ref. 16.

bCalculated.
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We should note that because of the limitations of the harmonic

oscillator approximation, we are only determining effective values of

b x /Q . Although these are admittedly useful in making theoretical
C. a

estimates of band intensities for other isotopomers, they should not be

expected to be as physically meaningful, nor to agree precisely in magni- -

18,20tude, with values obtained from more sophisticated analyses 1 ' that

use more accurate wavefunctions. The differences between the effective

quantities and their "true" values must surely play a substantial role in

the debate over the bond-moment hypothesis, but this factor seems to
21

have been neglected in previous discussions of this problem.

As an additional check on the internal consistency of the -intensity

calculations we have also computed the F-sums defined by Cra-.vford.

Within the limits of the harmonic oscillator approximation, these sums;

suitably corrected for "rotation" as above., should be isotopically invari-

ant. The F-sum is defined by

Vs
S a

a
Wa

where w a is the harmonic frequency associated with the a'th vibrational

band and the sum extends over all vibrations of the same symmetry. The

sum rule derived by Crawford 9 for a pair of isotopomers can also be

written as

r (2)
(1) E(2) a a/ (2) (2) -a2

3c 2a va ~a8a2 (28)
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or still further as

,2) 2
~() \2 (2) 2 .

F - ca (29)

where

M (i) 0XCT i)) L i) (0
Aa = ja

Equation (28) is obviously the preferred form to use whenever independent

experimental intensity data exist for both isotopomers. The F-sum calcula-

tions are summarized in Table VIIL The agreement is excellent, indicat-
ing that the calculated values should be reliable to about 10 - 15%.

TABLE VIm

F-SUMSa FOR WATER ISOTOPOMERS

P-ds HOH DOD TOT HOD HOT

vI +v 2  3.925 3.924 3.922

- 3 0.5140 0.5139 0.5146

V1 +v 2 + v 3  4.439 4.540 4.437

4. 560b

aAll values x 10 24. HOH values calculated from Eq. (27) with measured

S values. Remaining values are corrected for "rotation" as in the r.h. s.
of Eq. (28) or (29).

b HOD
Calculated from Eq. (28) using measured S values in ZOD
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C. Methane Isotopomers

1) Spectroscopic Constants.

The data here is very sparse. For several vibrations not even the

band center frequencies have been measured. The equilibrium values of

some of the constants have been reported; only one upper state rotational

constant has been reported, that for v 3 of CT Tables IX - XII sum-
3 4.

marize the situation.

2) Integrated Band Intensities.

No measured band intensities for the tritiated methane isotopomers

have been reported. Theoretical estimates of these quantities have been
31

provided by Sverdlov using the valence-optical theory of infrared inten-

sities. This theory is similar in spirit to the method outlined in Section B,

but differs in the choice of effective parameters to be determined as well

as in some mathematical details. The results of Sverdlov's calculations

are presented in Table XIII.

In conclusion the spectroscopic/radiative properties of these

tritiated species had to be specified almost completely by theoretical

techniques. Furthermore only bandstrengths have been provided for HTO,

CT 4 and CT H inasmuch as a theoretical definition of the linestrengths

of these molecules is well beyond the scope of the present program. A

proper definition of the molecular linestrengths would be required for the

successful application of most techniques for remote monitoring. These

would perhaps best be provided by experiment rather than theory.
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TABLE IX

SPECTROSCOPIC CONSTANTS a FOF. CT 4 (cm )

w 1817 x -64.6

W2  909.5 xI2 0

W 3  1990 x13 -65.0

-4  880 0

Be 1 . 7 5 1 b 0, x22

B0  . 7 3 3b x -15.0

O(B0 0 1 0 -B 0  -0.009 -11.2

C3  0.252 (0 . 2 6 )b x 3 3  -17.5

C4 0.24b  x34 -12.0

-6.0

a
B and values are from Ref. 32; W's and x t s from Ref. 33.

bCalculated.

TA.BLE X

HARMONIC FREQUENCIES
a OF CH 2 T 2 (cm" )

V 1  ;2a V 2b V3a V3b V 3 V4a V 4 b V4c

1906 1467 1285 3149 3153 1991 899 1038 1244

aRef. 31

TABLE XI

ROTATIONAL CONSTANTS
a FOR CH 2 T 2 (cm I)

A e  B e  Ce

3.75 2.63 2.19

aRef. 33
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III. REMOTE MONITORING CONSIDERATIONS

Schematic absorption spectra of these molecular bands are dis-

played in Figs. 2, 4 and 6. Low resolution plots of the total vertical

atmospheric transmission with molecular transition band centers drawn

in for hydrogen, water, and methane isotopomers are shown in Figs. 3,

5, and 7 respectively. These spectra are taken from the Handbook of
45Geophysics and Space Environments. A schematic of the HT absorption

spectrum is presented in Fig. 2. As for HD, the HT overtone (0 -" 2) is

only a factor of four weaker than the fundamental (0 -1 1) transition band-

strength. The predicted spectra are given for two instrumental resolu-

tions, 0. 01 tm and 0. 1 .m. To simulate a grating instrument, a tri-

angular slit function, constant in wavelength, is convolved with the

nascent line shapes. For the lowest resolution scan, the overtone P and

R branches are unresolved. It can be seen in Fig. 3, that the HT funda-

mental falls in the spectral region of atmospheric water vapor absorption

(the v3 band), and a more accurate determination of the exact relative

location of HT and HOH vibration-rotational lines would be needed to deter-

mine the optimum wavelength for NT detection. The HT overtone, although

weaker, falls in a less severely attenuated atmospheric region.

In Fig. 4, the schematic spectra for HOH and HOT are given. The

near degeneracy of the v3 and l bands in HOH is altered in HOT. As can

be seen the HOT v I band is shifted by nearly 2 pm and also gains sufficient

bandstrength to provide for significant absorption. The integrated band-

strengths used are those given in Table VII. The HOT bandshape estimates

are made from modified HOH rotational distributions and symmetry con-

siderations. The ordinate scales are both normalized to the same value,

corresponding to a two e-fold attenuation at the peak of the HOH v 2 P

branch. In Fig. 5 it is seen that the shifted HOT v 1 band falls in a spectral
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region affected by atmospheric CO absorption. The HOT v 2 band, which

is significantly red-shifted from the atmospheric water absorption band,

may suffer some interference with the methane v4 band, however the HOT

V2 P branch lines appear to be the most likely candidates for interference-

free transmission.

In Fig. 6 the predicted CH and CT vibrational spectra are pre-
4 4

sented, again both are normalized to the same scale. Because molecular sym-

metry is not disturbed, the molecular bandshapes are only red-shifted for

CT 4 (due to increased molecular mass). The relative bandstrengths used

are those listed in Table XIII. The CT 4 V 4 vibrational band is shifted into

a spectral region of good atmospheric transmission as is shown in Fig. 7.

The CH T transition centers of Table XII are also drawn in Fig. 7. It
2 2

can be seen that the v4b band, centered at 1005 cm. falls in an atmos-
pheric region relatively free from interference (03 should not be present

in significant quantities at low altitudes).

A systematic assessment of monitoring techniques was conducted

to determine the most promising method for the remote detection of these

tritiated species at very low concentrations in the atmosphere. Observa-

tion of the molecules either by their thermal emission or by their absorp-

tion signature s in broad background radiation would provide for a single

position passive detection capability. Active remote monitoring techniques

using broadband incoherent sources rapidly lose sensitivity as distance and

spectral resolution are increased because of source intensity limitations.

On the other hand lasers, with their narrow frequency bandwidth, high

intensities and small beam divergences, fulfill all necessary criteria as

remote monitoring sources.

Laser absorption techniques require a remote co-operative target,

either a detector, a mirror (retroflector) or a topographical feature which

may be used as a reflector (buildings or even trees). The necessity of a
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detector or mirror located on the opposite side of the monitored region

results in a loss of flexibility. Use of topographical features as retro-

flectors permits single-ended operation at the expense of returned signal

level. Elastic scattering from molecules (Rayleigh scattering) and atmos-

pheric particulates (Mie scattering) has been used to provide the return

signal at the laser frequency for a single-ended system. This scattering

is a slowly varying function of wavelength and sharper molecular absorp-

tion features would be resolvable in this return signal as the laser is tuned

in wavelength. The elastic scattering, which is usually considered as a

beam attenuation factor, acts as the diffuse retroflector for this differential

absorption of back scattering (DABS) technique. Fluorescence, the sub-

sequent reemission of the radiation absorbed by the molecule, may be

detected by monitoring at the excitation wavelength only (direct fluorescence)

or by monitoring the radiation emitted in the whole vibrational band. This

fluorescence is emitted isotropically into 417 steradians , and thus the tech-

nique does not require a reflector. (Note all the above laser techniques

require a radiation source which can be tuned into resonance with molecular

absorption lines.)

Two non-resonant techniques were also considered, Raman scat-

tering and coherent anti-Stokes Raman Scattering (CARS) or four-wave

mixing. In the inelastic Raman process the laser radiation is isotropically

scattered by the molecules , and thus the technique is single ended. The

frequency shift from the incident radiation is approximately the molecular

vibrational frequency. (Rotational structure is also present.) Thus a

single laser excitation frequency will give rise to species specific shifted

* radiation. Resonance Raman scattering relies on enhanced scattering

cross-sections by wavelength tuning the probe laser into near-resonance

with a molecular electronic transition. BF-cause none of the species of

interest has an electronic transition in the near ultraviolet or visible,
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this technique is not applicable. A CARS monitoring apparatus would

employ two lasers, separated in frequency by the molecular vibrational

frequency, and a complex optical sending system. The scattered radiation

signal is collimated and forward scattered, necessitating a double-ended

system.

The final technique considered was passive and single-ended, relying

on the molecular thermal emission but utilizing heterodyning. Specifically,

if frequency and intensity stabilized laser radiation is incident on the detector

along with the thermal line radiation, and the laser is in near-resonance with

the molecular emission a considerable improvement in the minimum detect-

able signal can be obtained through monitoring the beat frequehcies occur-

ring at the difference in frequencies of the two incident sources.

An in depth comparison of the techniques cannot be made without

adopting a specific measurement scenario. All the above techniques can

be viable for certain specific monitoring conditions. For example the sky

background radiation, which forms the radiation source for passive absorp-

tion, often limits active resonance techniques and this radiation is a func-

tion of solar position, azimuthal angle and meteorological conditions.

The altitude at which the species are to be monitored will determine

molecular lineshapes and quenching times. Source velocity could doppler-

shift the spectrum. Measurement uncertainties are a function of signal to

noise and integration times. Additionally. the high power, accurately

tunable laser source, which might be required for successful use of many

of these techniques; will not necessarily be available. Tunable infrared

diodes do not have sufficient power. Parametric oscillator linewidths

are too broad. Technological improvements are expected, but collection

efficiency and level of detection sophistication are inversely dependent on

the tunable source intensity.
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To reduce the number of variables as much as possible and permit

comparison of the relative merits of the various methods, a uniform

observation scenario and detection system have been chosen. Specifically -

the molecules will be remotely monitored in a "cloud" 1 km in thickness,

1 km away. The will be no source or "cloud" velocity and observation

will be horizontal or slightly upwards. The "cloud" temperature will be

305 0 K but otherwise the cloud will have the same optical transmission and

scattering characteristics as the normal sea-level atmosphere, with of

course, the addition of the tritiated species.

Because the tritiated species do not have accessible electronic

transitions, all the resonant processes considered are restricted to the

infrared vibration-rotation transitions; whose frequencies have been pre-

sented in Section II. Even the visible-UV Raman and CARS techniques

display shifts corresponding to these vibrational frequencies.

The fraction of the integrated species bandstrengths, listed in

Section II, which will be found in a strong rotational line was calculated

using the molecular rotational spacing and temperature. These integrated

linestrengths were converted into absorption cross-sections, a, using the

relation

Ca(cm /molecule) S (cm-molecule )/b(cm ) (31)

where b is the expected pressure broadened linewidth at a pressure of one

atmosphere. The values of So., a, and-the frequency ranges of interest for

the tritiates are listed in Table XIV.
a

The detection system was chosen to have a 10- 6 sr field-of-view

unless otherwise stated, witha 10"4 pm bandpass in the visible, 10 2 M

bandpass in the infrared, and collection optics of I m area. The detector
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TABLE XIV

INDIVIDUAL LINE INTENSITIES

aj Frequency

Molecule Transition (cm-molecule- ) (cm /molecule) (cm- )

HT R2 (1) 6.4x 0"  6 c 1- 6850-190-18

HOT V2 , P(5) 1.4x I0 19 6.8 x 1o18 _1320

CT 4  v4  R(7) I.1 x I0 10 2. 9 x 1 18 880
CHT-20-18 .13

CH2 T2 V4b R(6) 5.4 x 10 1. 0 x 1P035

for visible light was assumed to have 30% efficiency. Infrared signals were
* 110 1/2

monitored by a Ge:Hg detector in the 6 - 12 nm region (D "10 cm Hz

Watt- ) and by PbS detector in the near IR(D* = 4 x 10 11). A prototype

tunable infrared laser system is assumed with 10- 2W power (1 kW peak
-6

power, 10 second pulse length and 10 Hz repetition rate). Finally, no

interferences between molecular absorbers are taken into consideration in

the minimum detectable concentration determinations. (It is assumed an

interference free line can be found.)

Passive absorption techniques rely on a remote radiation source,

either the sun, diffuse sky radiation, or earthshine. Differential absorp-

tion of the broad source spectrum occurs in the "cloud" by the species of

interest. Dispersive instruments are confined to low resolution operation
46474

to gain sufficient signal intensity . Interferometric detection4 7 , 4 8 and
" 49-51

* non-dispersive correlation techniques with high throughput have been

successfully employed. A correlation mask technique using the sun as

the remote source was capable of ppb level detection of absorbers in the

near UV 50 . In the infrared down-looking earthshine measurements
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* provide the optimum signal. CO has been detected at 40 ppb-krn by a gas

47
filter correlation instrument and at 250 ppb-km by an interferometer

The predicted sensitivities of these schemes have been adapted to tritiate

detection using appropriate absorption cross- sections, detector sensitivities,

source radiances and observation angle for this scenario. The predicted

, minimum detectable concentrations (MD)C) are listed in Table XV. The

sensitivity is inversely proportional to the pathlength through the cloud.

TABLE XV

MDC VALUES IN ppb

Technique HT HOT CT 4  CT2 H 2

ABSORPTION 6 x 104 0.56 2 3.8

DABS 6 x 104 8.5 43 49

PASSIVE 8.5 x 106 45. 400 570
ABSORPTION

HETERODYNE
DETECTION OF 3.9 x 103  4.4 x 10 8.9 x 10
EMISSION

CARS 104- 105  104- 105  104- 105  104- 105

RAMAN 2. x 106 4.3x 106 4.9 x 106 9.8x 106

FLUORESCENCE - All species excessively large
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Passive detection of emission similarly suffers intensity problems

unless the molecular emitters are at a considerably elevated temperature.

For the present scenario, normal detection schemes are unable to monitor

the weak molecular emission in the presence of a broad spectral background.

The detection system sensitivity may be increased by several orders of

-, magnitude by using a laser as a local oscillator and mixing both the laser

* radiation and the remote emission on the detector (heterodyning). The dominant

- component of the amplified signal will be the difference frequencies between

the local oscillator optical frequency and the remote emission (both back-

ground and signal). Only beat frequencies within the 1 MHz - I GHz band-

pass (emission near-resonant with the local oscillator) will be amplified.

" The detector noise equivalent power of a radiometer using a photoconductive

detector is

N.E.P. = R- ; Watts (32)

-- where hv is the photon energy, Tj is the mixer quantum efficiency, B is the
52

amplification network bandpass and T is the post detection integration time.

The laser local oscillator must be tunable and frequency stabilized; power

requirements are minimal, being only tens of milliwatts. This technique

then requires only that the molecular emission exceed the sky background

radiance at line center. The line center emission is

S J

L N R (v,T) k (v) (33)ICL b R RBB Isky

where S is the vibrational-rotational line intensity, NR is the average con-

centration of radiators, L is the length over which emission occurs, and

RBB is the blackbody radiance at the frequency of interest for 305 0K. The
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sky background radiance, Is(v), for near-horizontal observation 4 5 is set
sky

equal to the centerline emission intensity in order to determine the minimum
-3

detectable N R. The field-of-view of the radiometer is optimized as 10 str
2 53

for a 1 nun infrared detector 5 . Radiometer direction can easily be chosen

such that the "cloud" fills its field-of-view. The predictions for the MDC

of each of the tritiated species using the Sj values of Table XIV, is given

in Table XV. At HT emission wavelengths, the sky radiates much like a
300°K blackbody and detection is impossible. The (NR)n are calculated

54
using Elsassar's radiation transfer function . Note that at MDC levels

the emitters are no longer optically thin and intensity does not scale linearly

with concentration. The HOT radiation scales asv near MDC level. The
0.6-0.7tritiated methanes emission scale as N As radiator concentration

increases, the fractional radiative transfer scales as ./N- complicating

remote emitter concentration determination.

The laser absorption schemes considered would involve monitoring

of the returned signal as laser frequency is varied. Atmospheric scattering -

will slowly vary as the laser is tuned, but the sharp molecular absorption

features should be resolvable in the quasi-constant background. Inter-pulse

frequency variation is the method considered here. If atmospheric trans-

mission fluctuations are prohibitive, longer pulse durations with frequency

modulation during the pulse may be required to achieve return signal stability.

The absorption technique return signal may be specified by the equation

I Big L e as)(e -Ab(R 2 ) r C(v) (34)

where IL is the laser intensity, Ad/ Ab(R ) is the fraction of the beam re-

turned to the detector, r is the reflectivity of the reflector, C(v) is the

detector efficiency, a (v) is the atmospheric attenuation due to scattering
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(kmn 1 ) and R is the distance to the region of interest. The term in the

second bracket is the degree of absorption by the tritiated species where

D is the "cloud" thickness.

The two terms in brackets predict beam fall off due to atmospheric

and "cloud" attenuation, with (v) being a much more rap.dly varying func-

tion of frequency than %s(v). A 1% signal change between on and off reso-

nance pulses is taken as the smallest detectable absorption. This deter-

mines the MDC as long as I . is more than a factor of 100 greater thanSig

the detector N. E. P. The return signal power fall off is due to atmospheric

attenuation and geometric beam spread. For the prototype laser with a

mirror retroflector (double-ended system) I. > 100 N. E.P. ior R < 6, 4,

5 and 4 km for HT, HOT, CT and CT H respectively- using the atmos-

* pheric attenuations 5 5 at the most likely detection frequency. For the pre-

sent scenario, this technique is not power limited and the MDC is inde-

*' pendent of R:

D

-In- = 0.01 2AG N(x)dx = D (35)
0I J

0

-where Aa is the change in molecular absorption coefficient between the two

measurements. Only the average absorber concentration in the "cloud" can

be obtained by this method. The Nn values are listed in-Table XV. Note

that a single-ended system using topographical reflectors becomes signal

limited at ranges of I - 3 km depending on the reflectivity of the topographical
56,5target . If sufficient signal is returned, Nmi n will be unchanged from

the values deduced for a double-ended system.

When atmospheric elastic backscatter is used as the reflector (DABS),

the effective reflectivity becomes
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rff C.(v) L (36)

where L is the range observed by a gated detector. For the present scenario,

the detector is gated on for a few pseconds, observing only backscatter which

has passed through the whole cloud. The atmospheric backscatter is isotropic

and the return signal is specified by

R A
(I e- 2s R)(e a(v) L-dsig L s 4r--- C(v) (37)

where Ad/4 rrR is the fraction of the scattered radiation reaching the cOllec-

tion optics. For similar laser powers, atmospheric backscatter results in

a much lower returned signal than a reflector. Consequently, the range at

which this method becomes very signal limited is less than 1 km. The Mie

particulate scattering coefficient is a function of visibility and weather condi-

tions. A laser power one hundred times higher than previously considered is

required to permit detection of the tritiates under marginally signal limited

conditions. The DABS MDC levels are listed in Table XV. Still higher laser

powers would permit these values to approach the MDC levels of pure absorp-

tion. Heterodyne detection of DABS, requires a considerable increase in

system complexity. A second cw laser, also frequency stabilized, is used as

the local oscillator. Both lasers must be simultaneously tuned through a

molecular absorption line while maintaining a constant frequency difference. 58

For the case of fluorescence tethniques in the infrared, the radia-

tive lifetimes are long compared to typical laser pulse durations, thus requir-

ing the use of long gating times (large background levels). Furthermore

competition occurs between re-emission of the absorbed energy and energy

transfer to other molecules through collisions. The collisional fluorescence

efficiency, cp, is the fraction of the excited molecules which fluoresce.
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For a pressure of one atmosphere c is calculated to be 1. 6 x 10-7 for HOT and

4. 5 x 10- 6 for CT 4 and CT2H 2 from vibrational relaxation data for water
and methane. cp is taken as unity for HT. When fluorescence from the

whole vibrational band is monitored, the detection system bandpass must

be increased. If direct fluorescence is used, only a small fraction of the

total fluorescence is observed. The returned fluorescence signal is

' - e- 2sR)(- ) Ad
ZD" -ZR -aND AdT. =(o e s )(e - (v) (38)sig L 4TTR

where the first term in brackets is the effective remote fluorescent source

intensity. The minimum detectable signal level is taken to be equal to the sky

background level. The combination of wide detection system bandpass,

isotropic scattering, and low fluorescence efficiency eliminate fluorescence

as a practical technique is this comparison.

4The Raman scattering cross-section increases as v , so a blue or

ultraviolet laser source should be employed to enhance the small Raman

cross-sections as much as possible. The Raman scattered, frequency-

shifted signal is weaker than the atmospheric elastic scattering and there-

fore detection system discrimination against the laser frequency must be

great. A.1 modes of HT, HOT, CT 4 , and CT2H2 are Raman active. The

returned Raman signal is of the form

sig (ND)(IL e' sR) Ad -M (39)
4TTR

where the first term in brackets is the effective remote Raman signal

source. The largest Raman cross-sections, aR' for the methane isoto-

pomers are calculated to be 7 x 10-30 cm 2 str 1 for CT 4 (V 3 ) and 3.5 x
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-30 2 -1 3110 cm str for CT H (V ) The HT and HOT cross-sections are2 2 3 -29 2 -1
estimated from the hydrogen isotopomers as 1. 6 x 10 cm str and

8 x 10 cm str (v3 ) respectively. Atmospheric attenuation is - one kn- 1

in the near UV. 59 IL is taken as 0. 3J, assuming a doubled ruby laser

source at 347 nm, with a gated detection system. Ran-ian scattering is

instantaneous and the detection gating is chosen to observe only Raman
60,61scattering from the cloud. The MDC values in Table XV are cal-

culated neglecting Raman signal interferences and Rayleigh background

levels; they are taken as the concentration at which the Raman signal is

equal to the sky background signal.

The final method considered, CARS, would be the most difficult to

implement. It offe-s the advantages of higher conversion efficiency than

the Raman process, and the output is collimatedO not isotropically scattered.

Two lasers are required, a pump laser at frequency wp. and a Stokes laser

at Ws. Their frequency difference must be the vibrational frequency, vo,

of the tritiated molecule. The molecule is driven up to a virtual state by

E and back down (stimulated emission) to v = I by E . The E field thenp 0 s p
drives the molecule up to a slightly higher virtual state from which re-

emission occurs at Wa = Wp - + W p A schematic of the process is shown

in Fig. 8.

The non-linear effect arises from the dipole induced in the medium

by the laser fields 6 0 i.e.,

(3 EE 
(40)

where-X(3) is the third order susceptibility. Equation (40) can be more explicitly

written as
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~1~12~2 ~1 EEEf

cc gl 12SP21 lg P s (41)
h (W g"Wp)(Vo Wp + Ws)(Wlg -Wa)

where .± is the transition moment between states x and y in Fig. 8, and

xy
Wig is the frequency of the transition to state 1. As .u - ws approaches v °

the denominator approaches zeroand the induced dipole is resonantly

enhanced. The w emission is blue shifted from w by v and hence is called
a p 0

anti-Stokes. Emission at w is permitted at all angles, but occurs preferen-
a

tially along a direction corresponding to minimum wave vector defect. The

magnitude of the wave vector is

* Zxjk (42)
c

where r1 is the index of refraction of the medium at w. The wave vector

defect, Ak, is then

k k - (k - k + k( 43)

and the power in Ea' the anti-Stokes emission, falls off as (sinc Ak) 2.

Knowledge of n, at the w values chosen; permits prediction of the relative

angular separation of pump, Stokes, and anti-Stokes beams which will
61

maximize output power. Figure 9 displays this vector addition. The

pump and Stokes beams will not be co-linear, and the anti-Stokes beam will

* be forward scattered at yet a different angle, necessitating a double-ended

detection system.
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The power in the anti-Stokes beam is

N2 L 2  21 (131 sin(AkL/2) (44)
A2  AkL/2

p

where A is pump beam area, and L is the interaction length. The opticalp
quality of the interacting beams must be very good inasmuch as wavefront

distortion and index of refraction fluctuations will affect the wavevector

matching and destroy the output beam coherence (collimation). For the

present scenario the CARS signal is

22 (2 F/,L\2 Ad
N L 12 1 (3 2 c L] 2 R -d M(5

sig 2 (x e a-C(v) (45)

p

where A is the area of the anti-Stokes beam at the detector. It has beena

determined experimentally that interferences due to normal atmospheric

constituents limit ultimate detection sensitivities to the 10 - 100 ppm level. 62

However pure species detectability levels are very low - 10-10 atmosphere. 60

From the summary of MDC levels for the various techniques pre-

sented in Table XV, it appears that no method will be capable of detecting

HT concentrations less than 10 ppm. The absorption techniques permit ppb

level detection of water and methane isotopomers in the cloud, orders of

magnitude more sensitive than any of the other methods considered. Use

of remote reflectors (mirrors, topographical targets) appears more feasible

than DABS for current laser technology.

The absorption monitoring technique appears to be most apropos to

present interests and is now applied to a more specific scenario. The volume

to be monitored is taken to be the exhaust from the stack exposed to a 12 knot
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crosswind. The plume, as a first approximation, grows conically down-

wind. The monitoring system is double-ended, observation is along the

plume axis with source (or reflector) at the stack and the other element

one km downstream. Since the plume is growing, the tritiate concentration

is varying along the plume axis, but the absorption technique will measure

only the integrated concentration along the optical path, which may then

be related to the stack exhaust rate. With a 12 knot wind it takes 200 sec-

- onds to form a one km plume. A schematic of this monitoring scenario is

given in Fig. 10. It is assumed that the initial plume radius is about one

meter, and the growth angle of the plume is 0. 1 radian.

The plume area at any point downstream, x, is

A(x) = rr(r. + x sin e) (46)

and the tritiated density may be related to the initial density, N by

2N. A(O) N.r.
N(x) - i 11 (47)

N~x) A(x) -(r i + x sine)2

The integrated line density along a one km path is

D N.D (oeuesc z

N(x)dx 0.01 N.D (molecules/cm (48)
f 1 + n I
O r.

where D is one km. The total concentration in the plume is N A D (which

is deposited in 200 seconds) where the subscript means at the stack exit.
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If we assume that A(O) is approximately the stack area, then the tritiate

exhaust rate can be related to the detected line density,

NsAsD N. A(0)D A(0) f N(x)dx
T 200 sec -. Lo - 2 (49)

* Making use of Eq. (35) for large return signal conditions results in

D
0.01 --2~a(~ A N(x)dx 0. 02 OAa (N.)RT)i (50)

I min A(O)ptimmmin
0

Using the optimum cross-sections in Table XIV, values of Nm and Nmin

are calculated for the tritiates. These values are listed in Table XVI, for
2

A(O) = 3 m , and 1% minimum detectable signal change. Also shown are the

corresponding minimum flows of radioactivity.

TABLE XVI

MINIMUM DETECTABLE CONCENTRATIONS FOR WIND DRIVEN PLUME

Time Required to
le Ni)er(N nNppb Ni Ci Radiation at. 1km exceed Maximum

Downwind C /M2  Quarterly Elposure
(grams/se..) (curies/sec) mn (Inhale; Im area)

HT 3 x 106 7.8 4.1 x 104 1.3 2.4 msec

HOT 28 3.7 x 10-4  3.9 x 10-  1.2 x 10-5  260 sec

CT4  100 1.6x10 - 3  5.6 1.8 x 10-4  17 sec

CHT., 190 7.s x In- 3  5.1 1.7 x 10-4  iA s,-,
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The tritiate concentration one km downwind has dropped 4 orders of

magnitude below the stack concentration and is at the 10 ppt level

for the minimum detectable line densities of water and methane isotopomers.

It should be noted that the absorption techniques do not become signal

limited for ranges < 4 - 6 km. and only a reflector is required at the stack;

the source and collection optics may be. several kilometers downwindI.
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IV. SUMMARY AND OVERVIEW

In conclusion the properties of the infrared vibration/rotation bands

of HT, HOT, CT 4 and CT2H 2 have been specified, and a manifold of optical

remote monitoring techniques has been reviewed in order to define that method

which best allows the observation these tritiated species at minimal concentra-

tions in the atmosphere. The optimum monitoring technique has been found to

be an active absorption method utilizing a tunable laser source with a retro-

flector. Minimum detectable concentrations have been specified for generic

-' monitoring conditions and in one instance these concentrations have been

related to minimum detectable exhaust stack tritiate mass flow rates. General

equations which relate these minimum detectable concentrations to monitoring

conditions, such as atmospheric properties and source and detector capabilities,

have also been provided.

If the predicted minimum detectable concentrations are sufficiently

low to prompt a further feasibility study it is suggested that the detailed

line to line structure of these tritiates be measured in the laboratory.

The proposed monitoring technique requires tuning on and off one transition

in the vibration/rotation band of the molecule, and assumes that there will

be no accidental interfering absorption by standard atmospheric species.

Transition linewidths at pressures near one atmosphere are typically of

order 0. 1 cm , and thus the spectral positions of both tritiate and possible

interfering atmospheric molecules should be measured to at least this

resolution. Such high resolution measurements can be performed using a

laboratory absorption cell and state-of-the-art Fourier transform spectro-

meters. Furthermore, accurate values of the transition line strengths

can also be provided by such measurements. (The species concentration

and only band strengths have been estimated in the present analysis. ) The
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results of this study could be used to define the optimum transitions to be

monitored and to design a validating field test program. A harder look at the

deleterious effects due to atmospheric and background variations could also

be provided at that time.

It should be emphasized that no remote monitoring technique capable of

monitoring "small" concentrations of HT has been identified. If it is desired to

determine the concentration of HT, or to determine concentrations of the other

tritiates at levels below those specified in Section III; it may be required to

capture a sample of the contaminated gas for later analysis in the laboratory.

The state of the art in laboratory spectroscopic measurements has
" ':co~wrker63
recently been described by Reid and co-workers6 .,In their studies an

optimally designed multiple pass White cell with a tunable diode laser source

has been used to measure CO concentrations as small as one in 1012. This

sensitivity would suggest that such a system could be used to measure HOT,

CT 4 or CT H concentrations of order 10 parts per trillion and HT concen-

trations of a part per million.

Hanst64 has recently taken the novel approach of increas-

ing the relative concentration of contaminant in the test sample via a pro-

cess of selective cryogenic "distillation". In this technique molecular

species such N , 0, H 20 and CO are removed from the sample gas by

taking advantage of cryogenic cooling/ condensation phenomena and the remain-

ing contaminant enriched distille is then probed by means of high resolution

fourier transform spectroscopy. It would probably be quite difficult to

eliminate species such as H 0 and CH cryogenically without also eliminat-

ing their tritiated isotopomers, however it would appear possible to develop

a sample highly enriched in HT by such techniques. This species could

then perhaps be studied with a technique such as CARS.

One alternate technique has been considered for determination of

the total tritium concentration in the sample. This would involve monitoring
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the vibrational band emission of a species such as OT which could result

from a cherniluminescent reaction such as

T + 03 - OT + oz (51)

_ The Q branch of OT(v = I -. 0) transitions would fall at 4. 50 pin and radia-

tion from higher vibrational transitions would be degraded to the red into

a relatively "clear" portion of the spectrum. The tritium atoms could be

formed by introducing hydrogen atoms into the sample and taking advantage

of isotopic exchange reactions with the contaminant tritiated molecules.

It should be emphasized that this concept is only in the embryonic stage

but could prove valuable if alternate techniques for determining HT concen-

* tration prove inadequate.
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